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INTRODUCTION 

I 

Research  Initiation  Program  -  1985 

AFOSR  has  provided  funding  for  follow-on  research  efforts  for  the 
participants  In  the  Sumner  Faculty  Research  Program.  Initially  this 
program  was  conducted  by  AFOSR  and  popularly  known  as  the  N1n1-6rant 
Program.  Since  1983  the  program  has  been  conducted  by  the  Summer  Faculty 
Research  Program  (SFRP)  contractor  and  is  now  called  the  Research 
Initiation  Program  (RIP).  Funding  Is  provided  to  establish  RIP  awards  to 
about  half  the  number  of  participants  In  the  SFRP. 

Participants  In  the  1985  SFRP  competed  for  funding  under  the  1985 
RIP.  Participants  submitted  cost  and  technical  proposals  to  the 
contractor  by  1  November  1985,  following  their  participation  In  the  1985 
SFRP. 


Evaluation  of  these  proposals  was  made  by  the  contractor. 
Evaluation  criteria  consisted  of: 

1.  Technical  Excellence  of  the  proposal 

2.  Continuation  of  the  SFRP  effort  < 

3.  Cost  sharing  by  the  University 

*  The  list  of  proposals  selected  for  award  was  forwarded  to  AFOSR  for 
approval  of  funding.  Those  approved  by  AFOSR  were  funded  for  research 
efforts  to  be  completed  by  31  December  1986. 

The  following  summarizes  the  events  for  the  evaluation  of  proposals 
and  award  of  funding  under  the  RIP. 

A.  Rip  proposals  were  submitted  to  the  contractor  by  1  November 
1985.  The  proposals  were  limited  to  $20,000  plus  cost 
sharing  by  the  universities.  The  universities  were 

encouraged  to  cost  share  since  this  Is  an  effort  to 
establish  a  long  term  effort  between  the  Air  Force  and  the 
university. 

8.  Proposals  were  evaluated  on  the  criteria  listed  above  and 
the  final  award  approval  was  given  by  AFOSR  after 
consultation  with  the  Air  Force  Laboratories. 

C.  Subcontracts  were  negotiated  with  the  universities.  The 

period  of  performance  of  the  subcontract  was  between  October 
1985  and  December  1986. 

Copies  of  the  Final  Reports  are  presented  In  Volumes  I  through  III 
of  the  1985  Research  Initiation  Program  Report.  There  were  a  total  of  82 
RIP  awards  made  under  the  1985  program. 


1 


;  .  2) 

&FOSR-TR.  8  S'-  l  7  IS 


UNITED  STATES  AIR  FORCE 


1985  RESEARCH  INITIATION  PROGRAM 
Conducted  by 

UNIVERSAL  ENERGY  SYSTEMS,  INC. 
under 

USAF  Contract  Number  F49620-85-C-001 3 
RESEARCH  REPORTS 
VOLUME  II  OF  III 

Submitted  to 

Air  Force  Office  of  Scientific  Research 
Bolling  Air  Force  Base 
Washington,  DC 


By 


Dintri'rr.t  1  on/ 
Avnll'tti !  ty  Cedes 
A  v,  i  i  i  and/or 
Dist  I  Special 


By 

Universal  Energy  Systems,  Inc. 
April  1987 


OTIC 


i— > 


tt  '  • 


INTRODUCTION 


Research  Initiation  Program  -  1985 

AFOSR  has  provided  funding  for  follow-on  research  efforts  for  the 
participants  in  the  Summer  Faculty  Research  Program.  Initially  this 
program  was  conducted  by  AFOSR  and  popularly  known  as  the  Mini-Grant 
Program.  Since  1983  the  program  has  been  conducted  by  the  Summer  Faculty 
Research  Program  (SFRP)  contractor  and  is  now  called  the  Research 
Initiation  Program  (RIP).  Funding  is  provided  to  establish  RIP  awards  to 
about  half  the  number  of  participants  in  the  SFRP. 

Participants  in  the  1985  SFRP  competed  for  funding  under  the  1985 
RIP.  Participants  submitted  cost  and  technical  proposals  to  the 
contractor  by  1  November  1985,  following  their  part ic ipat ion  in  the  1985 
SFRP. 


Evaluation  of  these  proposals  was  made  by  the  contractor. 
Evaluation  criteria  consisted  of: 

1.  Technical  Excellence  of  the  proposal 

2.  Continuation  of  the  SFRP  effort 

3.  Cost  sharing  by  the  University 

The  list  of  proposals  selected  for  award  was  forwarded  to  AFOSR  for 
approval  of  funding.  Those  approved  by  AFOSR  were  funded  for  research 
efforts  to  be  completed  by  31  Oecember  1986. 

The  following  summarizes  the  events  for  the  evaluation  of  proposals 
and  award  of  funding  under  the  RIP. 

A.  Rip  proposals  were  submitted  to  the  contractor  by  1  November 
1985.  The  proposals  were  limited  to  $20,000  plus  cost 
sharing  by  the  universities.  The  universities  were 

encouraged  to  cost  share  since  this  is  an  effort  to 

establish  a  long  term  effort  between  the  Air  Force  and  the 
un i vers i ty . 

8.  Proposals  were  evaluated  on  the  criteria  listed  above  and 
the  final  award  approval  was  given  by  AFOSR  after 

consultation  with  the  Air  Force  Laboratories. 

C.  Subcontracts  were  negotiated  with  the  universities.  The 

period  of  performance  of  the  subcontract  was  between  October 
1985  and  Oecember  1986. 

Copies  of  the  Final  Reports  are  presented  in  Volumes  I  through  III 

of  the  1985  Research  Initiation  Program  Report.  There  were  a  total  of  82 
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Summary 


This  report  presents  a  design  optimization  algorithm  for  structural  weight  minimiza¬ 
tion  with  multiple  frequency  constraints.  An  optimality  criterion  method  based  on  uniform 
Lagrangian  density  for  resizing  and  a  scaling  procedure  to  locate  the  constraint  boundary 
were  used  in  optimization.  Multiple  frequency  constraints  of  equality  and  inequality  types 
were  addressed.  The  effectiveness  of  the  algorithm  was  demonstrated  by  designing  a  num¬ 
ber  of  truss  structures  with  as  many  as  four  hundred  and  eighty  nine  design  variables.  No 
attempt  was  made  to  reduce  the  number  of  design  variables  by  such  procedures  as  linking 
and/or  invoking  symmetry  conditions.  The  design  examples  include  a  ten  bar  truss,  two 
hundred  bar  truss,  a  modified  ACOSS  -  II  and  COFS  (Control  of  Flexible  Structures) 
mast  truss.  All  the  structures  contain  nonstructural  mass  besides  their  own  mass.  The 
algorithm  is  extremely  stable  and  in  all  cases  the  optimum  designs  were  obtained  in  less 
than  twenty  iterations  regardless  of  the  size  of  the  structure  and  the  number  of  design 
variables. 
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Introduction 


The  optimal  design  of  structures  with  frequency  constraints  is  extremely  useful  in 
manipulating  the  dynamic  characteristics  in  a  variety  of  ways.  For  example,  in  most 
low  frequency  vibration  problems  the  response  of  the  structure  to  dynamic  excitation  is 
primarily  a  function  of  its  fundamental  frequency  and  mode  shape.  In  such  cases  the 
ability  to  manipulate  the  selected  frequency  can  significantly  improve  the  performance  of 
the  structure.  Similarly  the  aeroelastic  characteristics  of  an  aircraft  wing  are  primarily 
governed  by  its  torsional  and  bending  properties  which  can  best  be  studied  by  the  lower 
torsional  and  bending  modes.  In  fact,  in  most  narrow-band  excitation  problems  control  of 
the  frequencies  in  the  critical  range  is  tantamount  to  control  of  the  dynamic  response. 

A  large  amount  of  literature  related  to  the  optimization  of  structures  with  frequency 
constraints  is  available.  Most  of  these  papers  present  design  algorithms  based  on  a  single 
frequency  constraint  which  uses  only  the  information  about  the  fundamental  frequency  and 
the  associated  vibration  mode  [1-5].  A  few  papers  however,  consider  multiple  frequency 
constraints  [6-9],  A  brief  description  of  the  previous  research  work  is  given  below.  This  is 
by  no  means  the  complete  literature  on  frequency  optimization. 

Miura  and  Schmit  [l'j  minimized  the  structural  mass  of  a  cantilever  beam  and  a  wing 
structure  with  a  fundamental  frequency  constraint.  A  mathematical  programming  method 
based  on  an  interior  penalty  function  was  used.  This  method  can  be  used  in  conjunction 
with  design  variable  linking  for  optimizing  practical  structures.  Refs.  [2-7.  9]  employed 
optimality  criteria  methods  in  designing  minimum  weight  structures.  Minimization  of 
structural  mass  subject  to  a  fundamental  frequency  constraint  and  maximization  of  the 
fundamental  frequency  for  a  given  structural  mass  has  been  considered  in  the  design  of 
rods  and  trusses  by  Venkayya  and  Tischler  [5],  Elwany  and  Barr  [6]  presented  results 
for  the  minimum  mass  design  of  a  cantilever  beam  subjected  to  multiple  (up  to  three) 
Torsional  frequency  constraints.  A  variational  procedure  was  used  in  deriving  the  neces- 
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sary  conditions  of  optimal  design.  The  resulting  integral  equations  and  their  solution  are 
continuous  function  of  spatial  variables.  Fleury  and  Sander  [7]  used  a  generalized  optimal¬ 
ity  criteria  method  for  designing  beams  with  multiple  frequency  and  buckling  constraints. 
Basically  the  method  is  an  extension  of  the  conventional  optimality  criteria  approach  or  it 
can  be  viewed  as  a  linearization  in  mathematical  programming.  Pedersen  [8]  has  addressed 
beam  problems  with  constraints  on  the  first  four  frequencies  using  a  Linear  Programming 
method.  Khot  [9]  has  considered  a  truss  structure  with  two  frequency  constraints  and 
found  interesting  anomalies  in  the  convergence.  OlhofF  [lOj  presented  results  for  maximiz¬ 
ing  a  higher  order  frequency  subject  to  a  given  volume  constraint.  He  uses  a  variational 
approach  and  derives  the  optimality  condition  in  an  integral  form.  The  resulting  optimum 
shape  is  a  continuous  function  of  the  spatial  variable. 

This  research  work  examines  the  problem  of  finding  the  minimum  weight  structure 
satisfying  the  frequency  constraints.  The  design  problems  considered  are  optimization  (i) 
with  a  single  (fundamental  or  higher)  frequency  constraint  (an  equality  constraint)  and  (ii) 
with  constraints  on  multiple  frequencies  (treated  as  equality  and  inequality  constraints). 
The  optimality  criterion  method  in  conjunction  with  a  scaling  procedure  has  been  used  to 
design  a  minimum  weight  structure  with  frequency  constraints.  The  algorithm  developed 
by  Yenkayva  and  Tischler  [5]  has  been  used  as  the  basis  for  the  development  of  the  present 
multiple  frequency  constraint  formulation. 

This  algorithm  based  on  an  optimality  criterion  approach  is  very  efficient  and  reliable 
even  in  the  presence  of  a  large  number  of  design  variables.  The  optimality  criterion  is 
derived  by  differentiating  the  Lagrangian  with  respect  to  the  design  variables  and  the  min¬ 
imum  weight  design  should  satisfy  this  criterion.  The  essence  of  the  optimality  criterion 
is  that  at  the  optimum  the  weighted  sum  of  the  Lagrangian  energy  density  must  lx-  rhe 
same  in  all  the  elements.  The  optimality  condition  consists  of  the  gradients  (constraints 
and  objective  function)  and  Lagrangian  multipliers.  The  gradients  of  the  frequency  con- 
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straints  and  objective  function  can  be  derived  analytically  from  the  dynamic  equilibrium 
equations  and  the  expression  for  the  objective  function.  In  the  case  of  a  single  constraint, 
the  evaluation  of  the  Lagrangian  multiplier  is  simple  and  straight  forward.  However,  in  the 
case  of  multiple  (active)  constraints  determination  of  the  Lagrangian  multipliers  requires 
approximations.  The  basic  equations  are  nonlinear  and  also  the  inadmissibility  of  non¬ 
positive  Lagrangian  multipliers  presents  additional  difficulties.  In  this  work,  Lagrangian 
multipliers  are  approximated  using  simple  expressions  derived  from  single  constraint  con¬ 
ditions.  The  optimization  consists  of  three  basic  steps.  The  first  step  is  analysis  of  the 
structure  followed  by  scaling  and  resizing.  Analysis  gives  information  about  feasibility  or 
nonfeasibility  of  the  design.  Scaling  is  for  obtaining  the  feasible  design.  A  simple  scaling 
procedure  is  developed  for  multiple  frequency  constraints.  An  estimate  of  the  scale  factor 
is  obtained  iteratively  to  reach  me  frequency  constraint  boundary.  The  resizing  algorithm 
is  derived  from  optimality  conditions. 

This  report  discusses  the  optimality  algorithm,  resizing  procedure,  and  scaling  tech¬ 
niques  for  multiple  frequency  constraints.  The  effectiveness  of  the  algorithm  is  demon¬ 
strated  by  using  large  structural  design  applications  with  hundreds  of  design  variables  and 
multiple  frequency  constraints. 
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Problem  Statement 


The  structural  optimization  problem  is  stated  as  follows: 
Minimize  structural  weight 

W(x)  = 

«=i 

subject  to  behavior  constraints 


ffj(x)  *  0  j  —  1, 2, ....  k 

ffj(x)  =  u,';2  —  Cj*  >  0  j  =  k  +  1. k  +  2, m 
and  side  constraints  on  the  design  variables 


(1) 

(2) 


x,  >  xf  (3) 

where  p,  is  the  density,  /,  is  the  length,  i,  is  the  design  variable,  xf  is  the  lower  limit  on 
the  design  variable,  is  the  jth  natural  frequency,  is  the  specified  value  of  the  jth 
frequency,  n  is  the  number  of  design  variables,  and  m  is  the  number  of  design  constraints. 


Optimality  Method 


The  optimality  method  consists  of  two  steps.  The  first  step  involves  derivation  of  the 
optimality  conditions  and  associating  them  with  an  energy  condition  in  the  structure.  In 
the  second  step,  an  iterative  algorithm  is  derived  with  the  help  of  the  energy  condition  to 
achieve  the  optimality  condition. 

The  Lagrangian  formulation  for  the  above  stated  problem  is  written  as: 

I(x,A)=^(x)-f;  A,y,(x)  (4) 

where  L(x.A)  is  the  Lagrangian  function  and  the  A’s  are  the  Lagrangian  multipliers.  The 
unknowms  are  the  design  variables  xt  and  the  Lagrangian  multipliers  A;. 

Minimization  of  the  Lagrangian  L  with  respect  to  the  design  variable  vector  x  gives 
the  condition  for  the  stationary  value  of  the  objective  function  as: 


dL  _  dW  ( x )  ^  x  dgj  _  n 

.S  /  ^  -  V 


dxt  dx. 


From  equation  5,  the  optimality  condition  can  be  written  as 


y'  e,;A;  =  1  i  =  l,2 . n 


where 

_  dg,/dx, 

l]  dYV/dx,  M 

Equation  7  represents  the  ratio  of  the  constraint  to  the  objective  function  gradients  with 
respect  to  the  design  variables.  These  ratios  can  be  associated  with  special  forms  of  energy 
densities  depending  on  the  type  of  constraints.  For  the  case  of  frequency  constraints.  c,; 
is  computed  as  follows. 

The  eigenvalue  problem  corresponding  to  the  undamped  linear  system  is  written  as 

Ko,  («) 


where  u/;  is  the  jth  natural  frequency,  <pj  is  the  jth  eigenvector  or  natural  mode  of  the 
structure,  and  K  and  M  are  the  stiffness  and  mass  matrices  respectively.  The  mass  matrix 
M  is  a  combination  of  the  structural  mass,  M4,  and  the  nonstructural  mass,  Mc. 

In  this  research  work,  the  natural  frequencies  are  calculated  using  the  Sturm  Sequence 
method  [11.12]  in  conjunction  with  a  bisection  procedure.  By  using  this  method  any 
desired  frequencies  and  the  corresponding  modes  can  be  computed  without  computing  any 
of  the  remaining  frequencies  and  modes. 

The  square  of  the  jth  natural  frequency  of  the  structure  can  be  defined  by  a  Rayleigh 


quotient  as: 


,2fx)  _ 


where  superscript  t  denotes  the  transpose.  Substitution  of  equation  9  in  7  gives  the  ex¬ 


pression  for  e„  as: 


_  {<?;}*  kj  {<j>]}  -  mt  {<bj} 

PtX,lx 


where  k,  and  mt  are  the  ith  element  stiffness  and  mass  matrices  respectively  in  the  global 
coordinate  system.  The  eigenvectors  were  normalized  using  the  expression 


o'Mdj  =  1 


In  deriving  the  et]  expression,  the  stiffness  and  structural  mass  matrices  were  assumed  to 
be  linear  functions  of  the  design  variables.  This  is  true  for  truss  and  membrane  elements, 
and  needs  minor  modification  for  bending  and  other  types  of  finite  elements. 

The  solution  of  the  optimization  problem  involves  (n  4-  m)  unknown  quantities,  where 
n  is  the  number  of  design  variables  and  m  is  the  number  of  Lagrangian  multipliers  cor¬ 
responding  to  m  constraints.  The  optimality  condition  described  in  equation  6  gives  n 
equations.  The  additional  m  equations  can  be  computed  by  writing  the  original  constraint 
conditions  a*  follows; 
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m 


From  the  Rayleigh  's  quotient  in  equation  9,  the  derivative  of  the  frequency  with  respect 
to  the  design  variables  can  be  written  as 


m 


y; 


m 

S: 


aw,  u/, 

=  <12> 
where  -:j  is  the  ratio  of  the  nonstructural  modal  mass  to  the  total  modal  mass  and  is  given 
by 

1]  ~  (13J 
Substituting  equation  12  in  equation  7  gives. 

_  a,, /a i,  _ 

”  awjax,  n,i,  ’  ' 

Equation  14  for  active  constraints  takes  the  form 

n 

^  \  J  —  1-2, ....  m  (15) 

i=i 

Combining  equations  6  and  15  provides  the  necessary  equations  for  determining  the  La- 
grangian  multipliers  as  follows: 


'y 1  J  —  li2. 


where  the  matrix  H  is  given  by 


HA  =  G 


H  =  e'De 


H  is  of  the  order  mxrn  since  it  involves  multiplication  of  mxrc.  nxn.  and  nxrn  matrices, 
and  (j  is  a  vector  of  't} l  j .  D  is  a  diagonal  matrix  and  its  ith  diagonal  element  is  given  by 

Du=p,x,ft  (19) 

The  elements  of  matrix  H  can  not  be  determined  explicitly  because  the  e  and  D  matrices 
are  functions  of  the  design  variable  vector  which  is  itself  unknown.  Equations  6  and  17 
are  nonlinear  sets  of  equations,  arid  they  have  to  be  solved  by  iterative  methods 
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Optimization  Technique 


1.  Resizing  Algorithm 

The  optimality  condition  for  multiple  frequency  constraints  can  be  stated  as,  “The 
weighted  sum  of  the  Lagrangian  energy  densities  corresponding  to  multiple  frequency  con¬ 
straints  should  be  equal  to  unity  in  all  the  elements”.  This  can  be  achieved  by  satisfying 
the  condition  given  in  equation  6.  By  multiplying  both  sides  of  Eq.  6  by  xp  and  taking 
the  pttl  root  (a  =  i).  we  obtain 


ik~'L  =  xk 


(20) 


b=>  J 

where  a  controls  the  step  size,  and  C2  contains  the  weighting  parameters  which  can  be 
approximated  as  functions  of  the  Lagrangian  multipliers.  Superscripts  k  and  k  +  1  are 
introduced  to  denote  the  iteration  numbers.  The  iteration  scheme  is  repeated  until  the  set 
convergence  criterion  is  satisfied.  If  there  is  no  minimum  size  constraint  for  an  element, 
then  the  quantity  within  the  parenthesis  is  equal  to  unity  at  the  optimum. 


The  design  is  started  with  an  initial  value  of  a  sis  0.5.  After  a  design  cycle  ( i.e. .  scaling 
the  design  to  a  feasible  region  and  resizing  the  design  using  equation  20)  if  the  objective 
function  increases  from  the  previous  iteration,  then  the  a  value  is  reduced  adaptively.  The 
smaller  n  value  avoids  larger  changes  in  the  design  when  it  is  closer  to  the  optimum  and 
gives  a  stable  convergence.  It  acts  like  move  limits  on  the  design  variables.  The  lowest  value 
for  a  is  taken  as  0.001.  If  a  becomes  smaller  than  0.001,  then  the  resizing  is  terminated. 


2.  Scaling  Procedure 

In  the  optimization  scheme  after  each  resizing,  the  design  variables  are  normalized  to 
have  a  maximum  value  of  unity.  The  normalized  design  vector  may  not  be  acceptable, 
thus  scaling  it  to  the  feasible  region  is  essential,  otherwise  some  of  the  constraints  may  be 
violated.  This  helps  monitoring  the  progress  of  each  design  cycle  and  also  finding  the  active 
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constraints.  At  the  end  of  each  resizing  the  normalized  design  variables  are  multiplied  by 
a  scaling  factor  A.  and  it  is  computed  as  follows: 


The  Rayleigh  quotient  for  the  jth  frequency  at  the  current  design  is  written  as 


.  .2  _  _ 
3° 


4-  Me)©; 


where  jj]0  is  the  unsealed  frequency.  By  scaling  the  design  variables  by  a  factor  A the 
desired  frequency  is  obtained.  Then  the  Rayleigh  quotient  becomes 

K0j 

..2  =  - l—L - L -  /  99 ) 

]d  ©‘ (AjM,  +  Mc)o;  (  1 

In  this  equation,  it  is  assumed  that  scaling  the  structural  members  by  A;  implies  that 
K  and  M3  are  scaled  in  a  similar  way.  This  is  certainly  true  in  membrane  elements  and 
needs  modification  for  bending  elements.  The  nonstructural  mass  Mc  does  not  depend 
on  the  design  variables,  and  hence  it  is  not  multiplied  by  A;.  Equation  22  can  be  further 
simplified  to  relate  the  desired  frequency,  u ;}d  with  the  unsealed  frequency.  ~]0  as 


~  A jTlj  +  l/*0  (23) 

where  is  the  ratio  of  the  structural  modal  mass  to  the  total  modal  mass  and  is  given  by 


©*M,©; 

^  =  ©pw©7 


Now  the  ratio  r j  is  defined  as 


+  'fj  =  1 


“jd  _  _  A; 

+ 


(27) 


Then  the  scaling  parameter  corresponding  to  the  jth  frequency  becomes 

A,  =  — r{—  for  rj  rt)  <  1 

and 

Aj  =  r2  for  r2}r)}  >  1  (28) 

One  scaling  parameter  A_,  is  computed  for  each  constraint,  and  from  these  values  one 
value  is  selected  based  on  the  type  of  constraints.  If  there  are  all  inequality  constraints, 
then  A  is  selected  such  that  the  most  violated  constraint  becomes  active.  If  any  one  of 
the  constraints  is  an  equality  type,  then  the  scaling  parameter  corresponding  to  that  one 
is  used.  This  formulation  handles  only  one  equality  constraint,  and  the  rest  have  to  be 
inequality  constraints.  This  is  so,  because  after  scaling  more  than  one  constraint  can  never 
be  made  active  unless  it  is  a  repeated  frequency.  Besides,  if  there  are  more  than  one  equality 
type  constraint,  there  may  not  exist  a  feasible  solution.  Since  the  frequency  constraints 
are  nonlinear  functions  of  the  design  variables,  repetition  of  the  scaling  procedure  may  be 
necessary  in  some  design  cycles. 

3.  Role  of  the  Lagrangian  Multipliers/Active  and  Passive  Constraints 

The  Lagrangian  multipliers  are  computed  by  using  simple  approximations.  Here  the 
As  are  considered  merely  as  weighting  parameters,  and  they  are  computed  as  if  there  is 
only  one  constraint. 

The  optimality  condition  for  a  single  constraint  is  written  as 

e,A  =  I  i  —  1.2 . n  (29) 


Substituting  e,  =  \  in  equation  15  gives: 


where  A  takes  the  form 


x  w 

A  =  — (31) 

and  IV  represents  weight  of  the  structure.  The  jth  Lagrangian  multiplier  corresponding  to 
the  jth  frequency  constraint  can  be  approximated  as: 


It  is  evident  from  Eq.  32  that  in  the  absence  of  nonstructural  mass  the  value  of  the 
Lagrangian  multiplier  becomes  indefinite.  The  structure  can  not  be  optimized  for  frequency 
constraints  alone  unless  some  nonstructural  mass  is  associated  with  the  system.  As  a 
matter  of  fact,  nonstructural  mass  is  the  major  part  of  the  total  mass  in  most  of  the 
aerospace  structures.  The  nonstructural  masses  are  due  to  aircraft  engines,  payloads, 
actuators,  hinges,  etc.  Optimization  in  the  absence  of  nonstructural  mass  is  only  possible 
when  additional  constraints  such  as  static  displacements  or  stresses  are  present. 


The  concept  of  active  and  passive  constraints  is  crucial  in  the  multiple  frequency  con¬ 
straint  problem.  The  active  constraints  are  those  within  a  certain  percentage  from  their 
respective  limits.  The  remaining  ones  are  passive  constraints.  The  resizing  formula  (Eq. 
20)  uses  the  Lagrangian  multipliers  corresponding  to  the  active  constraints.  The  active  and 
passive  constraints  decision  was  made  at  the  outset  (after  the  first  iteration)  of  the  design 
and  no  changes  were  made  during  rest  of  the  design.  The  iteration  was  continued  as  long  as 
there  was  improvement  in  the  design  (reduction  in  weight,  for  example).  It  is  worthwhile 
pointing  out  some  characteristics  of  the  emerging  designs  during  the  iterations.  If  only 
a  single  Lagrangian  multiplier  (corresponding  to  one  active  constraint)  is  participating  in 
the  iteration,  the  weight  of  the  structure  reduces  rapidly  and  the  step  size  adjustments 
(ft  value)  have  to  be  made  very  early  in  the  design.  This  happens  because  the  inactive 
frequencies  tend  to  cluster  toward  the  active  frequency  and  mode  switching  can  destroy 
-moot her  convergence.  However,  by  adjusting  the  value  of  o.  the  optimum  design  can  be 
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approached  more  smoothly.  The  price  of  reducing  a  is  reflected  in  an  increased  number  of 
iterations.  In  the  other  extreme  when  the  number  of  active  constraints  are  more  because 
of  the  larger  percentage  specifications  around  the  limiting  values,  then  more  Lagrangian 
multipliers  participate  in  the  resizing.  Iterations  using  more  Lagrangian  multipliers  pro¬ 
duce  two  interesting  characteristics:  first,  the  problem  tends  to  be  overconstrained,  and  the 
resulting  optimum  corresponds  to  an  upperbound  solution.  The  second  characteristic  is 
that  the  clustering  of  frequencies  (at  least  among  the  active  ones)  is  significantly  reduced. 
Also  the  inequality  constraints  stay  away  from  the  constraint  boundary.  The  step  size  (a) 
adjustments  do  not  play  a  significant  role,  because  the  iteration  converges  quite  smoothly. 
The  percentage  value  for  finding  the  active  constraints  varies  from  problem  to  problem, 
but  usually  within  5-10cvc  from  the  constraint  limit  would  be  adequate. 

4.  Optimization  Algorithm 

An  outline  of  the  design  optimization  procedure  is  given  as  follows: 

(i)  The  design  starts  with  uniform  sizes  for  all  the  design  variables. 

(ii)  At  the  current  design,  the  desired  natural  frequencies  and  the  corresponding  mode 
shapes  are  calculated  using  the  Sturm  Sequence  method. 

(iii)  The  design  variables  are  scaled  to  the  constraint  boundary  in  order  to  satisfy  all  the 
behavior  constraints.  The  Lagrangian  multipliers  are  evaluated. 

(iv)  The  Lagrangian  energy  is  computed  for  each  mode  in  each  element.  is  evaluated 

for  all  the  elements.  The  design  variables  are  resized  using  equation  20. 

( v )  The  design  variables  are  normalized  with  the  maximum  value  of  the  design  variables. 


Repeat  steps  (ii)  to  (v)  until  the  set  convergence  requirements  are  satisfied.  The  steps  (ii) 
to  ( v )  constitute  one  iteration.  In  Eq.  10.  etJ  can  become  negative  for  some  elements,  if 
the  nonstrur tural  mass  is  substantial,  i.e..  the  square  of  the  natural  frequency  multiplied 
by  the  modal  kinetic  energy  i"  larger  than  the  modal  potential  energy.  In  tin-  case,  the 
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corresponding  design  variable  takes  its  lower  limit  value  and  the  etJ  contribution  in  Eq. 
20  is  zero.  This  creates  aberrations  and  takes  a  few  extra  iterations  in  converging  to  the 
optimal  solution.  So.  whenever  there  is  a  substantial  amount  of  nonstructural  mass,  it  is 
better  to  use  only  the  modal  potential  energy  for  et]  in  all  the  elements.  This  provides  a 
stable  convergence  in  design  optimization.  All  the  problems  solved  in  this  work  employed 
just  the  modal  potential  energy  because  of  substantial  nonstructural  mass. 


Numerical  Results 


The  effectiveness  of  the  optimality  algorithm  is  demonstrated  by  using  a  ten  bar  truss 
(Fig.  1),  a  two  hundred  bar  truss  (Fig.  4),  a  modified  ACOSS  -  II  (Fig.  7)  and  a  COFS 
model  (Fig.  10)  as  design  examples.  The  emphasis  here  is  in  solving  large  scale  structural 
design  problems  with  hundreds  of  design  variables. 

1.  Ten  bar  truss 

The  structure  shown  in  Fig.  1  is  made  up  of  aluminum  with  Young's  modulus.  10'  psi 
and  weight  density.  0.1  lb/ in3.  At  each  of  the  four  free  nodes  2.588  lb-sec2 /in  nonstructural 
mass  is  added.  One  design  variable  was  assigned  to  each  structural  element.  At  the  initial 
design,  all  the  cross-sectional  areas  were  1.0  in 2  for  each  member.  The  design  was  scaled 
by  a  factor  of  9.5318  to  obtain  a  4000  lb  initial  weight.  The  lower  limit  on  the  design 
variables  was  0.1  in i. 

Ref.  5  presents  optimization  studies  with  different  fundamental  frequency  limits.  In 
this  work,  first  the  structure  was  designed  with  a  higher  order  frequency  constraint  alone. 
The  structural  weight  was  optimized  with  the  second  natural  frequency  constrained  to  six 
different  values.  The  second  frequency  was  required  to  be  10.  15.  20.  25.  27.08  and  30  Hz 
in  six  different  cases.  Ten  design  variables  and  one  frequency  constraint  were  considered. 
Table  1  presents  all  the  frequencies  and  the  structural  weight  at  the  optimum  design  in 
all  these  cases.  Table  2  gives  the  optimum  design  variables.  The  variation  of  the  optimum 
weight  with  the  second  frequency  limits  is  shown  in  Fig.  2.  From  the  results  obtained,  it 
is  clear  that  the  optimality  algorithm  can  be  effectively  used  in  designing  structures  with 
a  higher  order  frequency  constraint. 

After  this,  the  ten  bar  truss  was  designed  with  multiple  frequency  constraint-  The 
structural  weight  was  minimized  such  that  the  fundamental,  second  and  third  frequencies 
were  constrained.  Table-  3  and  4  present  rhe  results  obtained  under  different  constraint 
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conditions.  The  first  set  was  with  wq  =  7.0  Hz.  the  second  with  *J\  =  10.0,  the  third  with 

=  7.0.  and  .j2  >15.0,  the  fourth  with  =  10.0,  ^2  >15.0,  the  fifth  with  =  7.0. 

>15.0,  and  -’3  >20.0,  and  finally  all  inequality  constraints,  wq  >3.5,  >10.0.  and 

_q  >14.0  Hz  were  considered.  Table  3  gives  all  the  frequencies  at  the  initial  and  optimum 
designs,  and  Table  4  consists  of  ail  the  design  variables  at  the  optimum.  The  iteration 
history  for  *1  >  3.5.  v2  >  10.0.  and  -3  >14.0  Hz  is  shown  in  Fig.  3.  It  took  seven 
iterations  to  reach  the  optimal  solution.  In  the  last  three  iterations  there  was  not  much 
change  in  the  objective  function.  As  explained  in  earlier  sections,  at  the  most  one  equality 
constraint  was  considered  in  any  set  and  the  rest  were  inequality  types. 

2.  Two  hundred  bar  truss 

The  two  hundred  bar  truss  was  formulated  by  Venkayya.  et.  al.  [13]  for  demonstrating 
the  computational  efficiency  of  the  optimality  method  in  designing  very  large  structures. 
The  structure  shown  in  Fig.  4  has  77  nodes.  200  bar  elements,  and  150  degrees  of  free¬ 
dom.  At  each  of  the  75  free  nodes  0.5  lb-sec2 /in  nonstructural  mass  was  considered.  The 
•structure  is  made  up  of  steel  with  Young's  modulus.  30.0  x  106psi  and  a  weight  density 
of  0.253  lb/ in1.  200  design  variables  were  assigned  to  the  200  bar  elements  in  structural 
weight  optimization.  At  the  initial  design  all  the  cross-sectional  areas  were  10. 0  in2.  The 
lower  limit  on  the  design  variables  was  0.1  in2.  The  initial  weight  of  the  structure  was 
00634  lb.  and  the  first  five  frequencies  at  the  initial  design  were  2.87.  13.02.  13.72.  31.92. 
and  37.68  Hz.  First,  the  structure  was  designed  with  a  fundamental  frequency  constraint. 
Various  fundamental  frequency  limits  were  considered  starting  from  2.0  to  8.0  Hz.  Table 
5  presents  the  first,  five  frequencies  and  the  optimum  weight  for  different  fundamental  fre¬ 
quency  limits.  Fig.  5  shows  the  variation  of  the  optimum  weight  as  the  frequency  limit 
is  increased.  The  structural  weight  increases  very  rapidly  at  the  higher  frequency  limit'. 
Beyond  a  certain  frequency  limit,  it  is  not  possible  to  design  a  practical  structure  Next. 
Mu-  tru-s  was  designed  with  two  frequency  constraint-..  *q  -  3.0  H/  and  >9  0  H/  The 
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optimum  weight  of  5226.5  lb.  was  obtained  in  seven  iterations  and  the  iteration  history  is 
given  in  Fig.  6.  The  first  five  frequencies  at  the  optimum  were  3.0.  9.01.  9.41.  14.39.  and 
14.78  Hz.  Also,  the  same  structure  was  designed  with  uq  =  4.0  Hz  and  >10.0  Hz.  The 
optimum  weight  was  9220.9  lb.  and  the  first  five  frequencies  at  the  final  design  were  4.0. 
10.0.  11.04,  14.46.  and  15.78  Hz.  In  both  the  cases  the  second  frequency  constraint  was 
satisfied  as  if  it  was  an  equality  constraint.  The  design  variables  at  the  optimum  for  both 
the  cases  are  given  in  Ref.  14. 

3.  Modified  ACOSS  -  II 

The  ACOSS  (Active  Control  of  Space  Structures)  model  II  was  developed  by  the  C.S. 
Draper  Laboratory  [15].  The  structure  consists  of  two  subsystems:  the  optical  support 
structure  and  the  equipment  section,  which  are  connected  by  springs  at  three  points  to 
allow  vibration  isolation  [Fig.  7],  In  this  work.  ACOSS  -  II  was  modified  to  have  only  the 
optical  support  structure,  and  it  is  fixed  at  the  three  springs  locations.  Also,  a  couple  of 
nodes  were  removed  from  the  original  model.  The  modified  ACOSS  -  II  consists  of  the 
upper  mirror  support  truss,  the  lower  mirror  support  truss,  and  the  metering  truss.  The 
finite  element  model  is  shown  in  Fig.  8:  it  has  33  nodes  and  113  truss  elements.  All  the 
elements  are  made  up  of  graphite/epoxy  with  Young's  modulus.  18.5  x  106p.ii  and  weight 
density,  0.055  Ib/inK  The  lower  limit  on  the  design  variables  was  0.1  in1.  The  initial 
cross-sectional  areas  were  taken  as  10.0  in1.  At  the  initial  design  the  weight  was  18709.8 
lb  and  the  first  five  frequencies  were  1.21.  2.71.  4.21.  10.33.  and  10.48  Hz. 

The  modified  ACOSS  -  II  was  designed  with  113  design  variables  under  two  different 
sets  of  frequency  constraints.  In  the  first  set.  the  structural  weight  was  minimized  such 
that  the  fundamental  frequency  was  equal  to  2.0  Hz.  The  optimum  weight  was  11687  3 
lb  and  the  first  five  frequencies  were  2.00.  2.04.  2.39.  5.19.  and  5.68  H:.  The  second 
frequency  is- very  close  to  the  fundamental  frequency.  In  the  second  set,  the  constraints 
••'ere  -  2.0  Hz  and  -o  >  3.0  Hz.  The  optimum  weight  was  11820.2  lb  and  the  first  five 
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frequencies  were  2.00,  3.72.  4.46.  6.78.  and  7.22  Hz.  The  structural  weight  was  increased 
by  133/6  (approximately  l°t)  to  separate  the  second  frequency  from  the  fundamental  one. 
All  the  five  frequencies  were  well  separated.  Fig.  9  shows  the  iteration  history  for  this  case. 
A  large  reduction  in  the  weight  was  obtained  in  the  first  four  iterations,  and  afterwards 
the  reductions  in  weight  were  very  small.  Ref.  14  presents  the  design  variable  values  at 
the  optimum.  In  this  example,  the  second  frequency  tries  to  approach  the  first  one  very 
rapidly,  so  both  the  Lagrangian  multipliers  were  used  throughout  the  optimization. 

4.  COFS  (Control  of  Flexible  Structures)  Model 

The  Mast  Flight  System  [16]  is  composed  of  several  subsystems.  The  primary  structural 
component  is  the  beam  assembly  (Fig.  10)  which  is  called  the  COFS  model.  The  beam 
cross  section  is  triangular  with  the  longerons  located  at  the  vertices  of  an  equilateral 
triangle.  The  truss  structure  repeats  itself  in  two-bay  segments.  There  are  27  two-bay 
segments  for  a  total  of  54  bays.  A  typical  two-bay  segment  of  the  truss  structure  is  shown 
in  Fig.  11. 

The  structure  consists  of  489  truss  elements  thus  489  design  variables  were  considered 
in  the  design  optimization.  All  the  elements  are  made  up  of  graphite/  epoxy  with  Young's 
modulus,  18.5  x  10h  psi  and  weight  density  0.055  lb/inz.  The  initial  cross  s, -crional  areas 
were  taken  as  1.0  in2,  and  the  lower  limit  on  the  design  variables  was  0.1  in2 .  The  structural 
weight  was  minimized  such  that  the  fundamental  frequency  was  equal  to  0.18  Hz.  At  the 
initial  design  the  weight  was  1407.42  lb  and  the  first  five  frequencies  were  0.2058.  0.2058. 
1.4570.  1.4570  and  3.6524  Hz.  Fig.  12  gives  the  mode  shapes  corresponding  to  the  first, 
third  and  fifth  frequencies.  The  second  and  fourth  modes  are  similar  to  the  first  and  third 
respectively  due  to  the  symmetry  in  the  structure.  The  optimum  weight  was  258.35  U>.  and 
the  first  four  frequencies  were  0.1800.  0.1802.  1.1068.  and  1.1221  Hz.  The  second  frequency 
is  not  equal  to  the  first  one.  and  similarly  the  fourth  one  is  not  equal  to  the  third  one  The 
optimization  algorithm  created  uiisyniinetry  in  the  structure,  thus  the  repeated  frequency 
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condition  is  eliminated.  Most  of  the  design  variables  reached  their  lower  limit,  and  mostly 
the  longerons  contributed  to  the  weight.  The  bottom  longerons  are  much  stronger  than 
the  top  ones.  The  details  of  the  optimum  design  are  given  in  Ref.  14. 


Conclusions 


In  this  research  work  the  minimum  weight  design  of  structures  with  multiple  frequency 
constraints  was  obtained  using  an  optimality  method.  A  simple  resizing  scheme  in  conjunc¬ 
tion  with  a  scaling  procedure  has  been  used.  Once  again  the  optimality  criterion  method 
has  shown  to  be  very  efficient  in  designing  large  practical  structures  with  a  small  number 
of  iterations.  The  number  of  design  variables  considered  was  very  large.  All  the  structures 
contain  nonstructural  mass  besides  their  own  mass.  Whenever  the  nonstructural  mass  is 
smaller  compared  to  the  structural  mass,  aberrations  occurred  in  reaching  the  optimal 
design.  Also,  if  there  were  two  frequencies  very  close  to  each  other,  the  switching  of  modes 
caused  abrupt  changes  in  the  distribution  of  the  variables,  and  hence  caused  oscillations 
in  the  structural  weight.  It  took  a  few  iterations  to  get  a  stable  convergence. 
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u2  =  10.0 

«2  =  15-° 

u>2  =  20.0 

u>2  -  25.i 

8.96 

3.26 

4.92 

6.64 

8.40 

27.08 

10.00 

15.00 

20.00 

25.00 

27.45 

10.19 

15.07 

20. 13 

25.00 

51.25 

16.01 

15.30 

21.51 

27.66 

58.00 

18.08 

22.21 

30.39 

39.34 

64.73 

22.96 

24.28 

32.81 

41.32 

66.87 

25.21 

39.49 

52.53 

65.35 

80.85 

27.25 

41.64 
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70.49 

4000.0 
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Table  2  Ten  Bar  Truss 
2 

Optimum  Design  Variables  (in  )  for  a  Specified  Second  Frequency  (Hz) 


Frequency 
Lirai  t 

10.0 

15.0 

20.0 

25.0 

27.08 

30.0 

mm 

2.313 

4.435 

7.699 

9.598 

13.720 

2 

SSifli 

2.154 

4. 140 

7.224 

8.979 

12.866 

3 

mm 

2.313 

4.435 

7.697 

9.598 

13.720 

4 

mmum 

2. 154 

4. 140 

7.223 

8.979 

12.866 

5 

■SIS 

0.602 

1.223 

2. 195 

2.905 

3.907 

6 

HUMS 

0.353 

0.760 

1.382 

1.850 

2.774 

7 

0.712 

' 

3.413 

6.211 

7.898 

11.075 

8 

0.712 

3.413 

6.211 

7.898 

11.075 

9 

0.581 

2.114 

4.017 

5.431 

8.460 

10 

0.581 

1.036 

2.  114 

4.003 

5.431 

8.460 

Weight  (lb) 

304.5 

637.0 

1251.5 

2243.8 

2865.9 

4143.9 

Frequency 

No. 

Initial 

Design 

=  7.0 

Uj  =  10.0 

Wj  =  7.0 
Wg  >  15.0 

=  10.0 

>  15.0 

w1  =  7.0 
u>2  >  15.0 
>  20.0 

>  3.5 

>  10.0 
w3  >  14.0 

1 

8.96 

7.00 

10.00 

7.00 

10.00 

7.00 

4.40 

2 

27.08 

10.96 

13.73 

15.58 

19.16 

15.61 

12.14 

3 

27.45 

16.27 

22.29 

16.93 

24.52 

20. 17 

14.00 

4 

51.25 

18.21 

25.19 

18.75 

27.16 

20.77 

17.89 

5 

58.00 

27.39 

38.04 

29.13 

38.71 

28.76 

19.58 

6 

64.73 

29.55 

42.21 

30.30 

40.53 

29.76 

22.96 

7 

66.87 

47.92 

65.79 

46.93 

67.66 

53.88 

34.01 

8 

80.857 

50.34 

69.93 

49.67 

71.38 

56.03 

35.72 

Weight  (lb) 

4000.0 

1137.3 

2614.0 

1172.6 

2736.3 

1308.4 

489. 17 

Table  4  Ten  Bar  Truss 

2 

Optimum  Design  Variables  (in  )  in  Different  Constraint  Conditions 


Element 

No. 

u  =  7.0 

Uj  =  10 

Uj  =  7.0 
u>2  >  15.0 

Wj  =  10.0 

u>2  >  15.0 

=  7.0 
w2  >  15.0 
«3  >  20.0 

>  3.5 

u0  >  10.0 
u»3  >  14.0 

1 

6.045 

13.965 

5.511 

13.147 

5.672 

2.306 

2 

1.969 

4.437 

1.937 

5.683 

3.823 

1.304 

3 

6.045 

13.965 

5.511 

13. 147 

5.672 

2.306 

4 

1.969 

4.437 

1.937 

5.683 

3.823 

1.304 

5 

0.100 

0.100 

0.207 

0.488 

0.646 

0.639 

6 

0.100 

0.100 

0.414 

0.517 

0.321 

0.557 

7 

3.206 

7.579 

3.616 

9.093 

4.  191 

1.029 

8 

3.206 

7.579 

3.616 

9.093 

4.191 

1.029 

9 

2.226 

5.009 

2.414 

4.110 

1 . 604 

0.800 

10 

2.226 

5.009 

2.414 

i 

4.110 

1.604 

0.800 

Weight  (lb) 

1137.3 

2614.0 

1172.6 

2736.3 

1308.4 

489. 17 
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Table  5  Two  Hundred  Bar  Truss 
Initial  and  Final  Five  Frequencies  (Hz)  for  a  Specified 
Fundamental  Frequency 


W1 

w2 

“3 

w4 

u>_ 

D 

Weight 

(lb) 

Initial  Design 

2.87 

13.02 

13.72 

31.92 

37.68 

99634.0 

Frequency  Limit 

2.0 

2.00 

6.24 

6.66 

10.69 

12.64 

2365.7 

3.0 

3.00 

8.19 

8.92 

13.67 

13.81 

5004.7 

4.0 

4.00 

9.79 

10.90 

14.43 

15.66 

9198.4 

5.0 

5.00 

11.24 

12.71 

15.13 

17.17 

15500.9 

6.0 

6.00 

12.61 

14.28 

15.90 

18.13 

24830.6 

7.0 

7.00 

13.93 

15.86 

16.90 

19.65 

38683.3 

8.0 

8.00 

16.74 

19.08 

20.15 

24.16 

61186.7 

Two  Hundred  Hue  Truco  structure 


Optimum  Weight  (lb) 


TERTIARY 


Iteration  Number 

Fig.  9  ACOSS  II  Iteration  History  with  Two  Constraint* 


Fig. 10  COFS  Model 
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Fig.  11  Two  Bay  Representation 
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ABSTRACT 


A  study  of  the  flow  through  a  solid-fuel  (75  %  hydroxylterminated  polybutadiene  and 
25  %  cross-linked  polystyrene)  ramjet  combustor  is  presented.  The  computations  were 
carried  out  using  both  the  infinite  reaction  ri,e  kinetic  mode)  and  the  global  reaction  rate 
kinetic  model.  Also  included  in  the  study  is  the  effect  of  an  added  mixing  zone  on  the 
combustion  efficiency. 


I.  INTRODUCTION 


Solid-fuel  ramjet  has  gained  interest  in  the  recent  years  as  a  propulsion  device  for 
specific  defense  applications.  As  the  use  of  this  device  receives  increasing  attention,  it 
becomes  increasingly  important  to  develop  theoretical  models  to  describe  flow  through  the 
various  ramjet  components:  in  particular,  the  complex  flow  through  the  dump  (sudden- 
expansion)  type  combustors.  Theoretical  studies  of  the  combustor  flow  field,  especially  the 
parametric  type,  will  lead  to  a  better  understanding  of  what  goes  on  in  the  combustor, 
and  thus  to  a  better  design.  The  insight  gained  by  these  studies  will  also  help  in  planning 
the  combustor  test  programs  and  in  better  understanding  the  test  results. 

Much  of  the  analysis  of  SFRJ  combustors  in  the  past  has  dealt  with  correlating  the 
fuel  regression  data  with  mass  flux  through  the  combustor.  A  discussion  of  the  various 
correlation  formulae  is  given  in  Ref.  1  (section  4.3. d).  This  reference  also  has  a  discussion  of 
the  more  recent  formulae  that  include,  guided  by  one-dimensional  analysis,  the  dependance 
of  regression  ratres  on  the  chamber  pressure  and  the  combustor  inlet  air  temperature. 

Almost  all  of  the  two-dimensional  calculations  of  the  SFRJ  combustor  flow,  up  til; 
now.  have  been  carried  out  by  Netzer.  and  by  Xetzer  in  cooperation  with  others  (see.  for 
example.  Refs.  2-o).  These  calculations  were  carried  out  by  adapting  the  2-D  elliptic  flow 
codes  developed  by  t he  Imperial  College  (0.7)  to  the  SFR.I  geomet ry.  In  Ref.  2  caiculat ions 
of  combustor  flow  were  carried  out  using  vorticity  and  stream  function  as  the  dependent 


variables.  Radiation  was  neglected  and  fast  chemical  reaction  (mixing  limited  combust  ion 
w;is  assumed.  The  results  of  calculations  were  in  good  qualitative  agreement  with  the 
experimental  data  (also  obtained  by  the  author)  for  piexiglas.  In  Ref.  3  calculations  were 


repeated  for  an  all-hydrocarbon  fuel.  The  regression  rate"  were  too  low  and  were  arbit  rarii> 
increased  bv  30'  i  'o  obtain  a  more  realistic  value  o I  the  blowing  parameter  pointed 
out  R\  the  .pitnor.  radiation  pia\"  a  dominant  role  in  ail-h\ dro<  arbon  hie.  miuluMor-. 
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the  results  of  their  calculations  with  the  experimental  data.  Results  of  the  calculations, 
carried  out  for  plexiglas.  were  similar  to  those  obtained  earlier  without  the  radiation  effects. 
As  pointed  out  by  the  authors,  radiation  plays  an  unimportant  role  in  combustors  using 
plexiglas  fuel. 

An  interesting  approach  to  the  modeling  of  liquid-fuel  dump  ramjet  combustors,  called 
"modular''  modeling,  is  presented  by  Pdelman.  et.al.  (8).  The  model  makes  use  of  the 
modular  concept,  in  which  the  combustor  flow  field  is  broken  down  into  various  interacting 
components,  each  with  its  own  distinct  flow  characteristics.  This  approach  allows  rapid 
calculation  of  the  combustor  flow,  thus  making  it  feasible  to  conduct  parametric  studies. 
Our  approach  to  compute  flow  through  the  solid-fuel  dump  ramjet  combustor,  presented 
in  this  report,  is  based  on  this  modular  concept. 

Flow  through  the  solid-fuel  dump  ramjet  combustor  is  considered  as  made  up  of  three 
interacting  flow  regions.  P,  Rl.  and  R2  as  shown  in  the  figure  below. 


Regions  Rl  and  R2  represent,  respectively.  the  recirculating  zones  at  the  combustor 
inlet  step  and  the  aft -fuel-grain  -.top.  Region  P  represents  the  rest  of  the  combustor- 
nozzle  llow.  flow  through  region  P  is  directed  How  and.  thus,  can  be  computed  using 
parabolic  codes,  flow  in  region-  Rl  and  R2  need  to  be  calculated  either  u-ing  elliptic 
c  odes,  or  modeled  > ■  r 1 1 pi n<  a ! I\ .  I  lie  work  presented  in  tni-  report  does  not  include  regions 
Rl  and  R  2.  Thus,  it  model-  How  otil>  through  that  ;>ori  ion  ot  the  combustor  where1  the 
directed  flow  is  in  contact  w.tti  ’In-  Inel  grain.  I'.veu  -o.  'he  work  provides  -ome  insight 
i  I  it  ‘ )  !  tie  '1 1  H  U  -  lol  I  limitation-  1  'I  'III  c  Oitli  U|s  I  ( ir  I'll  U  le'lc  a  II 1 1  llow  t  lie  (  c  HI  I  p  II  t  a  t  loll:  ol  'he 


how  the  combustor  efficiency  is  effected  by  the  mixing  zones  that  are  appended  to  the 
combustor. 

In  section  II  is  given  the  basic  intoductory  information.  This  section  includes  infor¬ 
mation  about  the  computational  method,  the  solid  fuel  and  its  properties,  the  combustor 
geometry,  and  the  defination  of  some  basic  terms  used  in  this  report. 

The  Ramjet  Technology  Branch.  PORT,  of  AFWAL  Aero  Propulsion  Laboratory  has 
an  active  research  and  development  program  in  the  area  of  solid-fuel  ramjet  combustors 
(see.  for  example.  Refs. 9,  10).  The  present  work  is  conducted  to  provide  theoretical  support 
to  the  PORT's  exerimental  efforts. 
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II.  INTRODUCTORY  INFORMATION 


COMPUTATIONAL  METHOD: 


m 


All  the  computations  were  carried  out  using  a  modified  version  of  the  computer  code 
given  in  Refs.  11  and  12.  The  original  code  computes  the  mass,  momentum,  and  energy 
transport  of  a  single  species  for  two-dimensional  ’parabolic'  (boundary  layer  type)  turbu¬ 
lent  flows  without  any  chemical  reaction.  The  code  was  modified, 

(i)  to  compute  the  transport  of  four  species;  N'2,  02,  Fuel,  and  the  combustion  products. 

(ii)  to  include  chemical  reaction;  tw'o  kinds  of  chemical  reaction  models  were  used.  (1) 
infinite  reaction  rate,  and  (2)  global  finite  reaction  rate. 

(iii)  to  incorporate  fuel  evaporation  from  the  surface;  the  rate  of  of  fuel  evaporation  from 
the  surface.  mf,  was  calculted  from  the  equation. 

rrifh  =  Q 


where  Q  is  the  heat  transfered  to  the  fuel  grain  surface  and  h  is  defined  later  on.  All  the 
wall  fluxes  (mass,  momentum,  and  energy)  were  corrected  to  take  into  account  the  effect 
of  mass  addition  (blowing)  from  the  surface. 

The  computations  were  carried  out  using  21  streamlines  (grid  points  normal  to  the 
flow)  and  an  axial  integration  step  equal  to  one-tenth  of  the  combustor  diameter. 

FUEL  AND  ITS  PROPERTIES 


The  solid  fuel  arid  its  properties  used  in  the  computaions  were  as  follows: 

Fuel:  75'7  Hydroxy Iterminated  polybutadiene  (HT1M1)  A  i 

2-V’f  crosslinked  polystyrene  (C’LPS), 

Meat  of  combustion  to. 700  k.I  kg. 

M  ni<  h  iomet  ric  Air  Fuel  ratio  1 


;  „  1 .7(10  k.I  kg  . 

where  h,.j  is  the  latent  heal  of  evaporation  and  »<„  :s  the  enthalpy  needed  to  heat  the 
i ef  grain  to  the-  specified  wall  temperature. 

These  fuel  properties  were  supplied  !>\  l‘OR'1  and  ate  \t  i\  (  love  ’o  those  given  in  Re!. 
'Tat.le  2  III. 
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COMBUSTOR  GEOMETRY  AS'D  FLOW  PARAMETERS 

All  the  computations,  except  those  given  in  section  VI.  were  carried  out  for  flow  through 
a  10  cm  port  diameter  combustor  (see  the  figure  below). 


1 - * 


The  flow  was  started  with  the  following  parameters. 

Velocity  =  170  M/s 
Temperature  =  1200  K 
Pressure  -  7  atm. 

Fuel  wall  temperature  -  980  K. 

In  all  our  calculations,  wo  used  ideal  gas  law.  fixer!  constant  pressure  specific  heat  equal 
to  1 .338  k.J  kg-C  (air  at  2000  K),  and  both  Prandtl  and  Schmidt  numbers  equal  to  one  for 
all  the  species.  The  combustor  geometry  and  the  starting  values  of  the  flow  parameters 
were  selected  to  simulate  the  experimental  conditions  of  Schadow  et .  al.  (Hef.liJ). 


DEFI.XATIO.X.s  OF  SOME  BASIC  TERMS  USED  IS  THE  REPORT 


Combustion  I.flir  ienc  y :  (  ombust  ion  efficient  v  at  an  axial  local  ini:  -  is  *  1  <  •  f  i  n  <  •  t  a- 
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where  \/<  is  the  rate  (in  kg  si  ,0  which  the  fuel  is  evaporating  from  the  begming  ol  'lie 
combustor  upto  the  axial  local  ion  .  and  .  .  is  I  lie  flux  in  kg  ■- 1  of  t  lie  ■  i  r  1 1  *  i  r  t : '  lie  ,it 
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Radial  Flame  Location:  Radial  flame  location  is  defined  by  the  position  of  maximum 
in  the  radial  temperature  distribution. 
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III.  INFINITE  REACTION  RATE  COMPUTATIONS 


During  this  set  of  computations  the  combustion  was  considered  to  be  mixing  limited 
with  a  simple  one-step  chemical  reaction  (infinite  reaction  rate  kinetic  model).  Thus.  1  kg 
of  fuel  and  r  kg  of  0~_  (r  is  the  stoichiometric  ratio  of  Q-:  mass  to  fuel  mass)  produced  (1  -  r) 
kg  of  combustion  produts.  and  fuel  and  oxygen  could  not  co-exist. 

Results  of  the  computation  of  the  combustion  efficiency  as  a  function  of  the  axial 
distance  are  shown  in  Fig.l.  The  solid  curve  shows  the  actual  computed  results  and  the 
dotted  curve  is  a  smooth  approximation  to  it.  We  note  that  the  combustion  is  diffusion 
limited.  The  axial  distance  is  shown  normalized  by  the  combustor  diameter.  However, 
since  the  radial  diffusion  transport  of  the  fuel  and  the  oxygen  is  not  scaled  linearilv  with 
the  radial  distance,  these  results  may  not  apply  to  a  combustor  of  different  size  diameter. 

The  wiggles  in  the  computed  results  are  due  to  the  finite  grid  size  normal  to  the  flow 
direction.  Within  a  given  grid  cell  there  is  complete  mixing  and.  thus,  there  is  no  diffusion 
limitation  on  the  combustion.  Figure  2  shows  the  effect  of  the  grid  size  normal  to  the 
flow  on  computed  combustion  efficiency.  We  note  that  reducing  the  grid  size  reduces  the 
wavelength  and  the  attiplitude  of  the  wiggles. 

In  Fig. 3  are  shown  the  computed  radial  variations  of  temperature.  Oz  and  the  fuel  at 
an  axial  distance  of  62  crris  from  the  start  of  the  calculations.  These  distributions  are 
what  one  would  expect  with  a  one-step  chemical  reaction  model.  They  are  in  qualitstive 
agreement  with  the  experimental  data.  The  predicted  flame  temperature  of  -4000  K  is 
much  too  high  compared  with  the  experimental  value  (Ref. 13)  of  approximately  2500  K. 
The  predicted  flame  temperature  is  close  to  the  local  adiabatic  flame  temperature.  Also 
shown  In  this  figure  is  the  flame  temperature  calculated  with  the  heat  of  reaction  reduced 


IV.  FINITE  REACTION  RATE  COMPUTATIONS 

Detailed  reaction  mechanisms  have  been  so  far  developed  and  tested  for  only  a  limited 
number  of  relatively  simple  fuels  such  as:  H2,  CO.  CHU  CH3OH,  C2H2,  C2H0.  The  present 
state  of  art  is  far  from  poroviding  a  detailed  finite  reaction  model  for  the  kind  of  fuel  used 
in  the  present  study  (Hydroxyl-terminated  polybutadiene  -  C-2Hlu-iO).  For  complex  fuels 
in  the  parafin  family  Edelman  and  Fortune  have  developed  a  quasi-global  reaction  rate 
model.  This  model  uses  for  the  first  step  the  chemical  reaction. 

C,tHm  ~  -  ~H2  ~  nCO , 

and,  from  there  on  uses  the  detailed  reaction  mechanisms  for  H2  and  CO  (along  with  02 
and  X2  of  the  combustion  air). 

In  the  present  study  a  global  reaction  rate  model  was  used.  A  general  form  of  the 
global  reaction  rate  model  is  given  by, 

^  =  -A  f(p,T)  C'J'  c:\\  e-{E/I,T] 

where  C,  and  C. are  molar  concentrations  of  fuel  and  02.  A.uj,  and  a2  are  constants: 
T  a  function  of  pressure  and  temperature;  and,  (E/R)  the  activation  energy.  All  the 
coefficients  appearing  in  the  global  reaction  rate  model  are  determined  empirically.  All 
our  attempts  (literature  survey  and  private  comunications)  to  obtain  information  about 
these  coeeficients  (or  of  some  simpler  global  reaction  rate  model)  for  the  fuel  used  in  the 
present  study  were  fruitless.  Thus,  the  computations  were  carried  out  with  the  simplest 
version  of  the  global  reaction  rate  model,  i.e.,  with  f[p.T )  --  a,  =  a?  -  1-  W  ith  the  mole 
fractions  Cf  and  C. ...  converted  into  mass  fractions.  X,  and  X.  ,2.  the  global  reaction  rate 
model  used  in  the  present  study  is  given  by. 

IX,  ...  ,.r. 

V  ■  v  ■>' 

Since  A  and  E  are  still  unknown  .  the  computations  wore  carried  out  with  A  and  E  R  as 
parameters.  For  a  given  value  of  E/R.  A  was  varied  from  a  high  value  where  the  finite' 
reaction  rate  results  were  almost  same  as  the  infinite  reaction  rates  results,  to  a  low  value 
below  which  there  was  no  combustion.  The  results  obtained  for  difierent  value-  ol  E  R 
were  (pin  lit  a  I  i  ve|\  similar.  Thus,  we  have  presented  the  result-  only  for  If  R  10,000. 
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In  Fig. 4  is  shown  the  combustion  efficiency,  17,- ,  as  a  function  of  the  axial  distance,  x. 
for  E  R  =  10.000  and  for  A  =  107.  10°,  and  3  x  10E  For  A  greater  than  to"  the  results 
were  very  close  to  those  obtained  with  the  the  infinite  reaction  rate  model.  And.  for  A 
less  than  3  >  10:  there  was  practically  no  combustion.  From  Fig. 4  we  note  that  for  small 
values  of  x.  n  is  higher  for  higher  values  of  A,  as  expected.  However,  for  large  values  of 
x,  r;.  approaches  roughly  the  same  value  for  all  values  of  A.  This  limiting  value  is  close  to 
the  one  obtained  with  the  infinite  reaction  rate  model.  This  implies  that  for  large  axial 
distances  the  combustion  is  diffusion  limited. 

In  Fig. 5  is  shown  the  radial  distribution  of  temperature  at  the  axial  distance  x  -  1.02 
meters  from  the  start.  The  curve  for  the  case  A  =  10:  was  too  close  to  the  infinite  reaction 
rate  curve,  and  therefore  is  not  shown.  From  this  figure  we  note  that  as  A  decreases  the 
flame  temperature  decreases  and  the  flame  becomes  broader.  For  A  =  3  <  l(T  the  predicted 
flame  temperature  is  comparable  to  the  observed  experimental  value  (Ref.13). 

In  Fig. 6  is  shown  the  axial  variation  of  the  radial  location  of  the  flame.  Once  again 
we  note  that  for  A  =  107  the  global  reaction  rate  model  approaches  the  infinite  reaction 
rate  rnodei.  From  this  figure  we  also  note  that  penetration  of  the  flame  into  the  core  flow 
decreases  as  A  decreases. 


V.  EFFECT  OF  AN  ADDED  MIXING  ZONE 


In  the  previous  section  we  have  seen  how  the  combustion  is  limited  by  diffusion.  It  is  of 
some  interest  to  investigate  how  the  unburnt  fuel  (accumulated  adjacent  to  the  fuel  grain) 
will  diffuse  and  burn  if  the  combustor  was  extended  beyond  the  end  of  the  fuel  grain:  that 
is.  if  we  were  to  add  a  mixing  zone  to  the  combustor. 

In  this  section  we  have  studied  the  combustion  efficiency  of  a  combustor  with  mixing 
zones  of  various  lengths  added  to  it.  The  computations  were  carried  out  by  modifying 
the  code  so  that  beyond  a  specified  axial  distance  the  fuel  evaporation  rate  was  set  equal 
to  zero.  The  radius  of  the  mixing  zone  was  set  equal  to  the  combustor  radius;  and.  thus 
there  is  no  step  expansion.  The  figure  below  shows  the  geometry  of  the  combustor  with  a 
mixing  zone. 
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solid  curve  are  for  cases  (ii)  and  (iii).  respectively.  From  these  figures  we  note  that  the 
combustion  efficiency  increases  in  the  mixing  zone  rather  rapidly  for  short  combustors 
followed  by  mixing  zones  (case  (i)  indicated  above):  but  it  rises  more  gradually  for  long 
combustors  followed  by  a  mixing  zone. 

Calculations  were  repeated  this  time  using  global  finite  reaction  rate  model  with  A 
>  ■  p)  and  K  It  -  pmmjO.  The  results  are  shown  in  1; ig.8.  ( Comparing  these  results  with 
those  given  in  Fig. 7.  we  note  that  the  rise  of  combustion  efti<  iency  in  the  mixing  zone 
markedly  slows  down  when  the  reaction  proceeds  at  a  finite  rati'.  An  interesting  point  to 
note  in  Fig.*  is  that  the  curve  marked  1  never  reaches  lon’T  but  flattens  out  at  about  q":. 
A  look  at  the  radial  temperature  outputs  revealed  that  this  flattening  out  of  the  r  curve 
;s  associated  with  the  flame  having  practically  gone  out. 


wsu 


COLLEGE  OF  ENGINEERING 


Ot  0  2 


REFERENCES 


!m  -i* -n>  Or  Ramjet  Applications."  CPI  A  UY-i.  Vo  I.  II.  Sept.  1082. 

:-Fml  H  t  '■ . 1 1 1 1 .11  ~ 1 1- hi  ii  iu  ii.il  ol  Spacecraft  and  Rockets.  Vol.  14. 


i  n-  t  >■  ii-i  f  n-i  if  am  let  <  '  Journal  <>f  Spaced  alt  and  Rock- 

:  2  ■  ■ 


'A  \1  .-j.-imit  S-  did- Fuei  it. m. jet  ('ntnliiist i< m . "  Journal  of  Spacecraft 
■  ‘-I.  i  p  '  •-  14 

i-r  !'  \\  "M  : i n Solid-Fuel  Rattiiet  ( iluist ion .  Including  Radiation 
l  't  i  e.  raft  and  R  •<  ket>  V-d  21  No.  4.  July- Auc-  1084.  pp  405-400. 


■  \  K  Spa. ding.  I*  B  .nd  V.'vdf.-htein.  M  .“Heat  and  Mass  Transfer 

t't  —  \e«.  \  r k . 


IK- 


\  ‘  il  «*  iin;Mii**r  Pp*cram  for  Two-Dimensional  Elliptic  Flows. 
••  1.  n  l •  * t  1  ii  I  >  7<.  -  Auc  T»77. 


AUTOMATED  IMAGE  PROCESSING  TECHNIQUES  FOR 


LANDSAT  THEMATIC  MAPPER  DATA 

Barry  N.  Haack  and  Miles  R.  Roberts 
George  Mason  University 
Fairfax,  Virginia  22030 


FINAL  REPORT 

SUBCONTRACT  S-760-OMG-09 3 
Universal  Energy  Systems 
Dayton,  Ohio 


Prepared  for  the 

AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
BOLLING  AFB ,  WASHINGTON  DC 


December,  1986 


ABSTRACT 


This  report  identifies  and  evaluates  automated  image  processing 
techniques  for  the  segmentation  of  Landsat  Thematic  Mapper  data 
for  a  set  of  earth  surface  conditions  of  interest  to  the  U.  S. 
Air  Force.  A  review  of  basic  techniques  and  developments  in 
image  processing  strategies  is  included  as  is  documentation  on 
the  existing  and  anticipated  operational  global  earth  surface 
spaceborne  remote  sensing  systems. 

For  each  of  the  conditions  of  interest,  a  review  of  previous 
segmentation  activities,  a  consideration  of  signature  extension 
possibilities  and  suggested  strategies  for  successful  automated 
image  processing  techniques  is  presented.  In  addition, 
appropriate  Thematic  Mapper  data  and  associated  ancillary 
information  which  include  the  conditions  of  interest  are 


identified. 


INTRODUCTION 


Current,  reliable  information  on  conditions  at  the  earth’s 
surface  are  necessary  for  many  U.  S.  Air  Force  activities.  Those 
conditions  may  be  dynamic  or  static  and  may  include  such  features 
as  population  density,  land  use  or  cover,  topography, 
transportation  networks  and  soil  parameters.  Information  on  those 
features  are  important  for  Air  Force  navigation,  reconnaissance 
and  intelligence  Interests. 

One  tool  of  increasing  importance  in  obtaining  earth  surface 
information  is  remote  sensing.  Remote  sensing  has  recently  been 
expanded  greatly  by  the  use  of  new  platforms  such  as  earth 
orbiting  satellites  and  the  Shuttle  Missions  to  acquire 
information;  the  use  of  sensors  in  more  portions  and  combinations 
of  the  electromagnetic  spectrum  such  as  active  microwave,  thermal 
infrared  and  mu  1 1 i spectra  1  scanners;  and  the  incorporation  of 
computers  in  the  handling  and  processing  of  remotely  sensed  data. 

Because  of  the  potential  need  by  the  Air  Force  for  information  at 
essentially  any  point  on  the  surface  of  the  earth,  it  is 
important  to  determine  what  utility  can  be  made  of  data  from 
operational,  ongoing,  essentially  global  spaceborne  remote 
sensing  systems.  The  data  most  suitable  for  this  need  are  from 
the  Thematic  Mapper  (TM)  sensor  of  the  Landsat  series  of 


satellites.  TM  is  a  seven  band  mu  1 1 i spectral  scanner  with  30  m 
spatial  resolution  collecting  data  at  a  sixteen  day  repeat  cycle 

for  all  areas  between  81  degrees  north  and  south  latitude. 

Because  the  Informational  needs  of  the  Air  Force  may  require  a 
short  response  time  and  must  be  very  accurate,  automated  computer 
Image  processing  techniques  may  be  the  best  methodology  to  obtain 
the  necessary  information.  This  study  has  identifed  and 
evaluated  the  application  of  various  automated  image  processing 
techniques  applied  to  TM  data  for  segmentation  of  a  specific  set 
of  earth  surface  conditions  of  interest  to  the  Air  Force.  The 
set  of  conditions  is  listed  in  Table  1. 

Section  2  of  this  report  briefly  reviews  some  of  the  basic  image 
processing  strategies  important  in  remote  sensing  of  earth 
surface  features.  This  review  includes  various  signature 
extraction  techniques,  both  per  pixel  and  contextural,  and 
strategies  incorporating  mu  1 1 i te mpora 1 ,  multisensor  and  ancillary 
data  sets.  The  concept  of  ancillary  data  is  extended  to  the 
development  and  utilization  of  geographic  information  systems 
(GIS).  In  addition,  the  possible  use  of  expert  systems  or 
artificial  intelligence  in  image  processing  is  considered. 

Section  3  documents  the  orbiting  parameters  and  sensor  and  data 
characteristics  of  the  Landsat  based  TM  sensor.  Other  current  or 
planned  spaceborne  sensing  systems  which  meet  the  requirements  of 
operational  and  near-global  coverage  3re  also  presented.  These 
systems  include  the  older  Landsat  based  Mu  I t  :  spec t r a  1  Scanner 


(MSS),  the  new  French  Systeme  Probatoire  d'Observat ion  de  la 
Terre  (SPOT),  the  NOAA  based  Advanced  Very  High  Resolution 
Radiometer  (AVHRR)  and  future  developments  of  the  Landsat  and 
SPOT  series  of  spaceborne  sensors. 


TABLE  1.  SURFACE  CONDITIONS  TO  BE  EVALUATED 


Slope 

Surface  roughness 
Streams 

Lakes  and  reservoirs 
Wetlands 

Snow  accumulation 

Boundary  demarcations 

(walls,  fences,  hedgerows) 

Loose  soil 

Sand 

Coastal  beaches 


Pasture 


Mixed  cropland 


Brush 


Forest  (evergreen,  mixed,  deciduous) 
Height  and  density  of  vegetation 


Orchards 


Agriculture 
Wildlife  habitat 


Section  4  assesses  the  likelihood  of  sucessfully  delineating  the 

conditions  in  Table  1  using  automated  Image  processing  techniques 
applied  to  TM  data.  This  section  includes  an  extensive  review  of 
previous  attempts  to  identify  these  features  as  presented  in  the 
open  literature  and  when  appropriate,  identifies  the  most 
successful  techniques  or  suggests  new  strategies.  Problems  of 
both  temporal  and  spatial  signature  extension  difficulties  due  to 
climatic  and  site  factors  are  presented  for  selected  conditions. 
Section  5  is  a  summary  of  the  possible  success  of  automated  image 
processing  by  parameter  of  interest  and  suggests  future  research 
efforts. 

Appendix  1  identifies  TM  data  sets  for  geographic  locations  in 
the  United  States  which  contain  combinations  of  the  parameters  of 
interest.  In  addition  to  the  availability  and  quality  of  TM  and 
MSS  data  for  those  sites,  appropriate  ancillary  data  which  would 
be  useful  in  developing  processing  strategies  or  assessing  the 
accuracies  of  processing  results  are  documented.  These  ancillary 
data  include  topographic  maps,  land  use  and  land  cover  maps  or 
digital  data,  digital  elevation  data  and  aerial  photography. 

There  were  several  assumptions  or  limitations  made  based  on 
requirements  of  the  Air  Force  which  were  considered  in  this 
study.  Tne  of  these  was  the  possible  need  for  data  on  a  near 
global  basis.  This  limited  the  range  of  possible  sensing  systems 
whicn  could  be  evaluated.  A  second  assumption  was  -he 
o  s  s  .  b  .  1  .  -  v  of  need  .  r.q  ij*  a  n  a  near  rMl  -.me  basis.  In 


actuality  this  Is  a  very  difficult  constraint  with  existing 
systems  as  currently  configured.  However,  this  constraint  may  be 
ameliorated  by  the  use  of  the  existing  archive  of  data  and 
selecting  data  within  the  climatic  time  frame  of  interest. 

It  was  also  assumed  that  there  would  be  some  limits  on  the 
availability  of  ancillary  data  for  many  areas  of  possible 
interest  and  that  traditional  methods  of  field  checking  for 
training  site  selection  or  cluster  signature  identification  may 
not  be  possible.  Finally,  it  was  determined  that  the  spatial 
domain  of  typical  interest  would  be  on  the  order  of  25  km  per 


IMAGE  PROCESSING 


Image  processing  techniques  for  remotely  sensed  digital  data  can 
be  divided  into  two  basic  areas.  First  Is  image  enhancement 
which  is  simply  a  range  of  data  manipulations,  both  geometric  and 
radiometric,  to  provide  an  image  product  which  can  be  more 
easily,  rapidly,  and  accurately  interpreted  by  an  analyst.  Some 
of  the  commonly  employed  image  enhancement  techniques  include 
edge  enhancement,  density  stretching,  and  scale  matching. 

The  second  method  of  image  processing,  and  the  focus  of  this 
study,  is  data  classification.  These  techniques  involve  using  a 
computer  to  examine  or  manipulate  the  digital  data  using  a 
variety  of  algorithms  to  eventually  classify  the  data,  usually  on 
a  pixel  by  pixel  basis,  into  themes  or  categories  of  interest 
such  as  land  cover  or  occasionally  land  use.  While  image 
enhancement  assists  a  human  Interpreter,  image  classification  is 
more  generally  viewed  as  data  manipulation  without  a  human 
interface.  While  removing  the  human  component  in  classification 
:s  frequently  the  goal  of  artificial  intelligence  or  expert 
systems.  Image  classification  as  it  Is  currently  utilized 
incl jdes  a  significant  amount  of  human  interaction.  An  important 
issue  .  n  .  n format,  on  extract,  on  from  remotely  sensed  data  is  the 
re  1  at  i  ve  amour.-,  of  man-machine  :  r.  *  e  r  act  ion.  The.  task  of  this 
effort  was  r  o  *»  v  a  1  u  a  '  e  •;  a  r  i  :  u  s  vj-  mated  .mage  classification 


techniques  with  extremely  limited  human  interface  for  the 
specified  list  of  parameters.  For  most  of  those  parameters, 
i mage  enhance  me nt  techniques  for  analyst  interpretation  may  be 
equally  or  more  effective  than  classification.  The  purpose  of 
this  section  is  to  briefly  review  some  of  the  techniques, 
problems,  and  developments  in  automated  image  classification. 


2.1  SIGNATURE  EXTRACTION 

The  traditional  techniques  of  image  classification  depend  upon 
the  use  of  multispectral  digital  information  and  the  concept  of 
unique  spectral  signatures.  The  basic  premise  is  that  features 
of  interest  will  have  unique  spectral  signatures  and  that  a 
computer  can  be  trained  to  recognize  those  signatures  and  then 
classify  the  digital  data.  Initially  in  the  development  of 
classification  techniques,  spectral  signatures  were  collected  i 
the  field  or  laboratory  for  matching  with  the  digital  values 
collected  by  remote  sensors.  This  technique  was  generally 
ineffective  for  a  variety  of  reasons  including  complexities  of 
the  energy  flow  profile.  Currently  most  spectral  signatures  ar 
obtained  or  extracted  from  the  re  rot  -  1  y  s  e  r. *  3  fata  .'seif  r  y 
either  supervised  on  unsupervised  me  mods  prior  '  : 
classification. 

One  method  of  signature  extraction  is  supervised  or  'riming 
field  selection.  This  assumes  the  analyst  can  der.tiry  one  or 


more  homogeneous  areas  of  the  features  or  land  covers 


K  M 


those  training  sites  and  calculates  the  digital  statistics  w  h  ;  c  r, 
are  considered  to  be  the  spectral  signature  for  that  theme.  This 
technique  relies  upon  the  ability  to  identify  reliable  training 
sites  either  by  ancillary  data  or  field  visits.  For  many  areas 
of  potential  interest  to  the  Air  Force,  the  ability  to  identify 
training  sites  may  be  difficult  because  of  limited  access  or 
ancillary  data. 

A  second  method  of  signature  extraction  is  unsupervised  or  * 

clustering.  This  technique  does  not  rely  initially  on  ground 
information.  Computer  based  algorithms  are  employed  which  based 
upon  a  statistical  sampling  of  the  image  data,  group  the  pixels 
into  spectrally  similar  clusters.  It  is  assumed  that  these 
clusters  are  representative  spectral  signatures  for  unique 
surface  land  covers.  The  task  of  the  analyst  then  becomes  one  of  1 

assigning  the  proper  land  cover  to  each  cluster  signature.  This  ! 

can  sometimes  be  done  based  on  recognizable  reflectance  curves 
such  as  wafer,  green  vegetation,  and  bare  soil  or  some  knowledge 
of  the  surface  conditions.  Frequently,  a  combination  of 
supervised  and  unsupervised  methods  of  signature  extraction  are 
combined  in  hybrid  signature  extraction  prior  to  classification.  < 
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This  categorization  problem  is  evident  within  this  study  where 
some  of  the  conditions  of  interest,  such  as  pasture,  are  land  use 
categories  which  can  more  easily  be  delineated  by  an  analyst  and 
image  enhancement  and  not  a  land  cover  such  as  grass  recognizable 
by  automated  classification.  Classes  used  by  an  analyst  cannot 
always  be  extended  to  automated  classification;  this  problem  may 
necessitate  a  new  classification  system. 

2 . 2  CLASSIFICATION 

After  a  reasonable  set  of  signatures  are  extracted  for  the  data 
set  of  interest,  algorithms  are  employed  to  classify  all  pixels 
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Frequently  in  classification,  the  output  products  are  e.tter 
statistical  information,  such  as  the  number  of  nect  are  s  of  torn 
or  deciduous  forest,  or  as  mapped  information.  Any  output 
product  should  be  assessed  for  accuracy  which  may  be  d.ff.cult 
depending  on  the  ability  to  have  “truth”  against  wnic.n  to 
determine  the  accuracy.  It  is  more  difficult  to  achieve  mapped 
accuracy  than  statistical  accuracy.  With  mapped  output  there  is 
generally  employed  a  smoothing  or  filtering  algorithm  to 
generalize  the  information  into  more  useful  and  identifiable  map 
units.  This  study  is  to  obtain  mapped  information.  For  many 
areas  of  interest  to  the  Air  Force,  it  may  be  difficult  to  assess 
the  map  accuracy  because  of  the  lack  of  ground  truth. 

2.3  DATA  SELECTION 

A  significant  issue  in  classification  is  what  input  data  to 
utilize.  This  includes  common  parameters  as  seasonality  and 
scale  considerations,  amount  and  type  of  preprocessing  and 
possible  data  transformations.  For  multi  spectra  1  data  if  is 
sometimes  advisable  to  only  select  certain  available  bands  to 
reduce  the  complex i  *  y  of  data  manipulations.  A  common  band 
selection  technque  .  s  transformed  divergence  s  a  1  s  u  1  a  f  ;  o  r.  s  . 

j  *  r  a r.  s  :  .  r  m a  *  .  :■  n s  may  j  .  s  ;  be  e  mp  1  -  ye  d  p r  :  :  r  *  •  .  g r.  a  -  .  r  “ 
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of  seasonally  dynamic 


me  n  a 


and  for  classifies:: 


vegetation.  Sometimes  two  or  more  dates  are  necessary  :: 


the  feature  separation  desired.  With  the  availab.l.ty  ot  sens, 
in  many  regions  of  the  electromagnetic  spectrum,  there  are 
attempts  to  spatially  register  data  from  different  sensors  for 
classification.  This  has  been  done  with  mult '.spectral  scanner 


data  such  as  MSS  or  TM  and  radar. 


Because  of  problems  associated  with  per  pixel  classification, 
there  have  been  numerous  suggestions  to  incorporate  contextural 
or  texture  information  in  classification  strategies.  Visual 
interpretation  of  remotely  sensed  images  relies  on  pattern  and 
association.  However,  typically  with  per  pixel  automated 
classification,  the  only  Inputs  are  the  reflectance  or  emittance 
values  for  each  pixel.  There  are  many  land  covers  which  might  be 
more  easily  identified  if  contextural  information,  the 
relationship  of  one  pixel  to  its  neighbors,  could  be  utilized  in 
automated  classification.  Various  texture  measures  based  on 
digital  value  changes  from  pixel  to  pixel  have  been  utilized  as 
input  data  values  in  signature  extraction  and  classification. 

Another  possibility  to  increase  classification  accuracy  .  s  to 


;,rri.e  .•  .  ® *  j  *  ;  r  s  o  .  1  types  are  known  and  can  be  assigned 

w  .  -  r  ■  “  .  ar  .  .  *  /  -  :  each  p.xel,  they  can  be  incorporated  in  the 
:  .  as  s  .  :  .  ;  a  *  .  nr.  process.  For  example,  frequently  two  forest  types 
-.ay  nr*  be  spe:*ra..y  separable  but  they  may  occur  at  different 
e  .  e  a  t  .  c  n  o  .  If  elevation  information  are  known,  they  can  be  used 

*;  separate  t.re  forest  class  into  separate  types  after  initial 
categorization.  this  may  be  part  of  a  hierarchical 
classification  strategy. 

The  incorporation  of  ancillary  information  with  remotely  sensed 
raw  data  values  or  classified  theme  information  is  essentially 
the  construction  of  a  geographic  information  system  (GIS).  A 
GIS  historically  was  and  still  may  be  a  set  of  scale  and 
projection  matched  thematic  maps  for  an  region  on  transparent 
material  so  that  they  can  be  overlaid  to  produce  new  maps.  M  :• :  e 
frequently,  a  GIS  is  computer  based  and  can  be  an  extre-e: 
powerful  tool  for  many  applications.  In  the  context  ::  * ' 
study,  a  GIS  may  be  a  method  to  increase  class.:.  -.  • 
or  to  use  remotely  sensed  classification  res.,’:  : 

information  collection  or  analysis  efforts. 


2.4  SIGNATURE  CONFUSION 
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mixed  pixels,  too  unique  signatures  or  not  sufficiently  unique 
s ignatures . 

Mixed  pixels  are  non-homogeneous  pixels  where  there  are  several 
land  covers  or  features  within  each  pixel.  In  some  cases  this  is 
a  function  of  too  small  a  spatial  resolution  and  in  others,  the 
complexity  of  the  natural  or  cultural  environment.  Complex 
natural  environments  may  be  transitional  areas  between 
ecosystems.  Cultural  complexity  is  typified  by  most  tropical 
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agricultural  areas  where  the  field  sizes  are  very  small,  there  is 
a  highly  overlapping  crop  calender  and  a  mixture  of  crops  within 
fields  by  intercropping.  It  is  arguable  as  to  how  beneficial 
smaller  spatial  resolution  data  may  be  in  solving  this  problem. 
Smaller  resolution  data  rapidly  increases  data  handling  problems 
and  in  some  areas,  may  create  too  many  signatures.  Certainly  in 
extremely  heterogeneous  areas,  smaller  pixel  size  will  not  be  an 
asset  in  automated  classification  but  it  will  be  an  asset  for 
image  enhancement  and  interpretation. 


* 


Too  unique  a  spectral  signature  occurs  when  a  feature  of  interest 
produces  many  different  signatures.  For  example,  fields  of  corn 
many  have  many  different  signatures  as  a  function  of  soil  type, 
stage  of  development,  moisture  availability,  topographic  slope  or 
orientation,  and  row  compass  orientation  among  others.  It  is  not 
expected  that  there  will  only  be  one  signature  per  classification 
theme  but  there  is  a  threshold  of  too  many  signatures. 


Signatures  which  are  not  sufficiently  unique  frequently  occur 
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among  vegetation  types  which  can  not  be  separated  based  upon  the 
available  spectral  information.  Sometimes  this  can  be  resolved 
by;  1)  a  different  date  of  data  or  mul t i temporal  processing,  2) 
Incorporation  of  ancillary  data  and  a  hierarchical  classification 
strategy,  3)  the  collection  of  more  spectral  bands,  or  4) 
multisensor  data  sets. 

A  significant  problem  with  image  classification  is  temporal  and 
spatial  signature  extension.  Signatures  obtained  from  one  data 
set  may  very  likely  not  be  usable  in  another  data  set  collected 
for  the  same  geographic  area  at  a  different  time  (temporal 
extension)  on  for  a  different  geographic  area  (spatial 
extension).  The  reasons  for  these  difficulties  are  due  to  both 
changes  in  the  surface  conditions  or  changes  within  other 
portions  of  the  energy  flow  profile. 

Changes  in  surface  conditions  may  be  a  function  of  seasonal 
vegetation  phenology,  moisture  changes  due  to  precipitation 
events  or  cultural  activities  such  as  crop  harvesting, 
deforestation  or  grassland  burning.  Energy  flow  profile  changes 
may  include  different  sun  angles  or  sensor  direction  or  more 
likely,  atmospheric  changes.  There  are  various  strategies,  such 
as  atmospheric  modeling  which  are  usually  extremely  complex  and 
rely  upon  a  variety  of  ancillary  Information,  to  compensate  for 
signature  extension  problems.  These  strategies  have  varied 
degrees  of  success.  There  are  no  universal  ways  to  resolve  these 
difficulties  and  in  an  operational  context,  such  as  is  being 


considered  in  this  study,  it  may  be  advisable  not  to  depend  on 
signature  extension  but  rather  consider  each  data  set 
independently . 

2.5  ARTIFICIAL  INTELLIGENCE 

Artificial  intelligence  <AI)  is  an  aspect  of  computer  science  of 
considerable  current  interest  and  potential  which  may  have 
applicability  to  remote  sensing.  Artificial  intelligence  can  be 
defined  as  that  part  of  computer  science  concerned  with  symbol 
manipulation  processes  that  produce  intelligent  action. 
Intelligent  action  is  a  decision  making  and  implementation 
process  that  is  goal  oriented  and  based  upon  a  logical  reasoning 
path.  A  general  knowledge  base  is  expected  to  guide  this 
reasoning  process.  The  basic  problem  when  attempting  to 
implement  AI  is  the  exact  form  of  the  computer  input/output  (I/O) 
and  internal  data  structures.  The  nature  of  human  reasoning  and 
memory  is  not  perfectly  understood  and  thus  it  is  impossible  for 
a  programmer  to  write  computer  code  that  emulates  human  thinking. 

The  re ’ at l onsh 1 ps  betwen  AI  and  its  various  subfields  such  as 
natural  language  processing  and  expert  systems  are  not  clearly 
understood.  Natural  language  processing  allows  the  machine  to 
accept  queries  and  deliver  responses  in  ordinary,  or  close  to 
ordinary,  English.  This  removes  the  necessity,  of  having  to 
translate  commands,  questions,  and  database  information  into  a 
programming  language  and  thus  greatly  reduces  programming  time. 


systems  do  exist,  but  the  operator  must  use  a  limited  vocabulary 
list  and  closely  adhere  to  a  simplistic  grammar  structure.  The 
problem  of  word  context  and  subtle  implications  so  pervasive  in 
English  language  use  has  yet  to  be  dealt  with  in  a  robust  manner. 
Natural  language  interfaces  work  well  in  a  constrained  universe 
where  all  concepts  (as  expressed  by  words)  and  all  relationships 
(as  expressed  by  grammar)  are  limited  and  can  be  well  defined. 

In  image  Interpretation,  this  ability  to  precisely  define  all 
possible  conditions  does  not  currently  exist. 


Expert  systems  codify  human  experience  in  a  set  of  rules  that  can 
be  followed  by  a  computer.  Classically,  this  is  done  by 
extensively  debriefing  a  human  expert,  and  constructing  a 
computer  program  for  use  by  a  non-expert.  This  program 
"interrogates"  the  non-expert,  prompting  him  with  a  branching 
series  of  questions.  These  questions  lead  the  program  logic 
through  the  path  of  rules  from  the  expert's  knowledge  base.  As 
with  natural  language  interfacing,  expert  systems  work  well  in  a 
closed  universe  where  all  possible  conditions  can  be  accounted 
for  in  a  branching  rule  based  logical  structure. 


A  primary  problem  with  expert  system  construction  is  data 
acquisition  and  structuring.  This  is  the  establishment  of  a 
database  structure  that  Is  simple  enough  to  be  queried,  yet 
complex  enough  to  utilize  all  the  interlocking  rules  of  thumb  as 
set  out  by  the  expert.  The  exact  method  of  debriefing  the  expert 
has  been  found  to  affect  the  final  expert  system  to  a  significant 


degree.  A  problem  with  this  debriefing  is  that  the  computer 
programmer  involved  in  constructing  the  expert  system  must  be 
competent  in  the  subject  material  as  well.  Special  computer 
languages  have  been  written  to  make  this  task  easier  such  as 
Prolog  and  Lisp. 

Computers  are  capable  of  making  near  Instantaneous  decisions  when 
sufficient  evidence  is  present  to  make  a  logically  clear  cut 
decision.  Humans  are  able  to  make  probabal i st ic  decisions  based 
on  fragmentary  evidence.  Slight  Indications  that  a  condition  is 
true  may  sum  up  to  a  definite  conclusion  on  the  part  of  the  human 
expert.  At  the  same  time,  these  Indications  (evidence)  may  be 
meaningless  if  considered  individually.  The  ability  of  humans  to 
make  decisions  in  this  way  is  often  called  ‘fuzzy  logic*,  or 
"fuzzy  set  theory".  Problems  in  this  realm  may  have  several 
partial  solutions  or  multiple  ways  to  arrive  at  a  single  solution 
that  is  probably  correct.  The  logical  structure  of  such  decision 
rules  is  currently  imperfectly  understood  and  cannot  be  performed 
by  a  computer. 

Human  experts  also  learn  throughout  a  problem.  After  solving  (or 
even  failing  to  solve)  a  problem,  humans  are  more  able  to  examine 
a  more  difficult  problem.  This  concept  of  se 1 f -teach i ng  through 
problem  solving  is  called  heuristic  reasoning.  At  the  present 
time,  computers  do  not  possess  this  ability. 

Automated  image  understanding  is  an  advanced  AI  function 
Important  in  many  disciplines.  It  is  considered  a  vital 


objective  in  national  defense  research  where  the  speed  of  new 


weapons  systems  does  not  allow  sufficient  time  for  human  response 
to  potential  threats.  Currently,  image  understanding  (or 
interpretation)  is  still  in  a  very  basic  research  mode.  In  the 
defense  community,  there  is  extensive  work  on  the  automated 
recognition  of  aircraft  and  missies.  These  shapes  are 
graphically  “primitive";  they  can  be  decomposed  into  simple 
squares,  cones,  and  circles.  This  has  been  a  requirement  for 
machine  recognition  of  objects.  The  object  must  be  able  to  be 
described  mathematically  so  that  an  image  can  be  compared  with  a 
mathematical  “template". 

In  remote  sensing  of  the  natural  world,  this  mathematical 
description  is  virtually  impossible  because  of  the  diversity  in 
form  and  type  of  materials.  This  can  be  readily  seen  in  the 
signature  extension  problem.  The  extension  of  spectral 
signatures  developed  for  one  geographical  area  into  another  has 
not  been  very  successful.  Ground  truth  must  be  established  for 
the  new  area  before  accurate  classification  can  take  place.  This 
is  a  result  of  the  great  diversity  of  the  earths  cover  and  that 
very  few  places  on  earth  are  identical.  If  the  climate  is  the 
same,  then  the  elevation  and  vegetation  are  often  different;  if 
the  elevation  is  the  same,  then  the  soil  moisture  is  probably 
different.  All  of  these  factors  dramatically  affect  the  spectral 
reflectance  of  the  terrain  and  severely  limit  the  automated 
recognition  of  earth  surface  features  or  conditions. 


Despite  the  great  amount  of  discussion  and  prognostications 
concerning  the  universal  applicability  of  artificial  intelligence 
applications  in  image  processing,  there  has  been  little 
application  of  these  techniques  found  in  the  literature  of 
environmental  remote  sensing.  Although  there  is  not  a  clearly 
documented  reason  for  this  trend,  two  factors  can  be  identified: 

1)  SPEED.  A  large  emphasis  has  been  placed  in  AI  development  upon 
processing  speed;  often,  this  is  a  stipulation  of  defense 
applications.  In  remote  sensing  of  the  environment,  there  is 
little  need  for  real-time  processing. 

2)  COST.  The  development  of  an  operational  AI  system  is  extremely 
costly.  Thousands  of  hours  of  time  are  required  for  specialists 
to  program  every  possible  option  and  parameter  into  the  machine. 
This  level  of  effort  is  not  easily  available  in  environmental 
remote  sensing. 

There  are  possible  applications  of  aspects  of  AI  in  automated 
image  processing  for  environmental  conditions  such  as  considered 
in  this  study.  Those  applications  will  be  most  successful 
initially  in  some  combination  of  man-machine  interaction  where  a 
sequence  of  analysis  keys  will  be  considered  for  various 
locations  and  ancillary  information. 
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SPACEBORNE  REMOTE  SENSING  SYSTEMS 


The  focus  of  this  study  was  to  examine  those  remote  sensing 
systems  within  the  civilian  sector  providing  data  which  might  be 
segmented  to  identify  the  specific  features  of  interest.  The 
limitations  on  the  data  systems  included  being  near-global, 
operational  or  near-operational,  and  providing  accessible  data. 
The  primary  systems  of  interest  are  the  sensors  of  the  United 
States  Landsat  series  of  satellites,  the  French  SPOT  satellite 
and  the  NOAA  meteorological  sensor  AVHRR.  The  orbiting  and 
sensor  characteristics  of  these  systems  are  described  in  this 
sect i on . 

3. 1  LANDSAT 

The  primary  operational  spaceborne  remote  sensing  systems  for 
land  surfaces  have  been  the  Landsat  series  of  satellites  and 
associated  sensors.  The  first  of  these  satellites,  the  Earth 
Resources  Technology  Satellite  1  or  ERTS  1  (which  was  renamed 
Landsat  i),  was  launched  by  NASA  in  July,  1972.  It  contained  a 
four-band  Mu  1 1 1 spectral  Scanner  (MSS)  and  a  three-band  Return 
Beam  Vidlcon  (RBV)  sensor.  The  RBV  never  collected  a  significant 
amount  of  data  to  be  considered  an  operational  sensor.  Two  other 
satellites  also  carrying  the  MSS  and  RBV  have  been  launched 
(Landsats  2  and  3,  in  1975  and  1978,  respectively)  and  have 


successfully  provided  data  for  multiple  earth  resources  purposes. 
The  modified  RBV  of  Landsat  3  was  a  single  band  system  of  40  m 
spatial  resolution.  Unlike  the  previous  RBV  sensors,  it  did 
function  properly  but  the  sensor  was  not  included  in  latter 
Landsats  because  it  was  replaced  by  improved  sensors. 

The  second  generation  of  Landsat  satellites  began  with  Landsat  4 
in  1982,  followed  by  Landsat  5  in  1984.  These  satellites  contain 
the  MSS  and  a  new  sensor  called  the  Thematic  Mapper  <TM).  The  TM 
is  a  more  advanced  scanner  that  provides  improved  spectral, 
radiometric,  and  spatial  resolution  data  than  the  MSS.  The  MSS 
and  TM  sensors  are  the  systems  of  concentration  in  this  study  and 
particularly  the  TM  because  of  its  improved  resolutions. 

The  General  Electric  Company  has  served  as  spacecraft 
manufacturers  and  system  integrator  for  Landsat  under  the 
direction  of  NASA/GSFC.  After  launch  and  performance 
verification,  the  responsibility  for  operation  of  Landsats  4  and 
5  was  changed  form  NASA  to  NOAA.  Commercialization  of  these  and 
future  Landsats  was  accomplished  under  a  contract  agreement 
beginning  in  September,  1985  between  the  Earth  Observation 
Satellite  Company  (EQSAT)  and  the  U.  S.  Department  of  Commerce. 

The  Landsat  satellites  have  near  circular,  repetitive,  sun- 
synchronous  polar  orbits  with  descending  nodal  times  of  roughly 
9:30  a.  m.  local  sun  time.  Landsats  1-3  are  at  a  slightly  higher 
altitude  <905  km)  than  Landsats  4  and  5,  so  they  have  a  cycle  of 
251  orbits  which  repeat  every  18  days,  as  compared  with  a  233- 


revolution  and  16-day-repeat  cycle  for  'he  more  recent 
satellites.  The  Landsat  1-3  orbital  coverage  creeps  westward  by 
one  orbit  swath  each  day  providing  adjacent  coverage  on 
consecutive  days,  whereas  adjacent  coverage  occurs  every  seven 
or  nine  days  with  Landsats  4  and  5. 

For  Landsats  1-3,  the  distance  between  corresponding  orbit  paths 
on  consecutive  days  at  the  equator  is  159  km.  This  results  in  a 
swath  overlap  of  14  percent  at  the  equator,  for  the  nominal  swath 
of  185  km,  with  greater  amounts  of  overlap  at  higher  latitudes. 
This  consecutive-day  coverage  increases  the  possibility  of  cloud- 
free  coverage  for  sites  in  the  overlap  zones.  Landsats  4  and  5 
have  lesser  amounts  of  overlap,  e.  g.,  seven  percent  at  the 
equator,  on  their  adjacent  <7/9  day  Interval)  paths. 

3.1.1  MULTI  SPECTRAL  SCANNER 

The  Mul t i spectral  Scanner  <MSS>  is  a  line  scanning  device  which 
continually  scans  the  Earth  in  a  185  km  swath  nominally 
perpendicular  to  the  orbital  path.  Scanning  is  accomplished  by 
an  oscillating  mirror;  six  lines  are  scanned  simultaneously  by 
six  detectors  in  each  of  the  four  different  visible  and  near- 
infrared  spectral  bands  during  each  West-to-East  mirror  sweep. 

On  Landsat  3,  a  fifth  (thermal)  band  was  also  scanned  but  its 
data  proved  to  be  unreliable.  MSS  system  characteristics  are 
summarized  In  Table  2. 
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The  nadir  resolution  of  the  MSS  is  79  x  79  m  for  Landsats  1-3  and 
82  x  82  m  for  Landsats  4  and  5.  The  maximum  scan  angle  of 
Landsats  4  and  5  is  slightly  larger  than  that  of  Landsats  1-3,  so 
that  the  185  km  swath  width  is  maintained  from  the  lower 
al t i tude  . 
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TABLE  2.  CHARACTERISTICS  OF  THE  LANDSAT  MSS 


Landsats  1-3 

Landsats 

4-5 

Spectral  Band  Pass 

Band  4:  0.5-0. 6 

Band  1  : 

0.5-0. 6 

(Nominal,  micrometers) 

5:  0.6-0. 7 

2: 

0.6-0. 7 

6:  0.7-0. 8 

3: 

0.7-0. 8 

7:  0.8-1 . 1 

4: 

0.8-1  .  1 

Number  of  Detectors /Band 

6 

6 

Altitude  (km) 

905 

705 

Nadir  Footprint  of 

79x79 

82x82 

IFOV  (m) 

Scan  Angle  (degrees) 

5.78 

7.46 

Swath  width  (km) 

185 

185 

Ground  Sample  spacing  (m) 

scan  direction 

57 

57 

line  to  line 

79 

57 

Bits/Band  (telemetered) 

6 

6 

Levels/Band  (CCT) 

128  (bands  4,5,6) 

64  (band  7) 

128  (all 

bands ) 

MSS  data  are  over-sampled  at  a  rate  that  produces  a  57  m  ground 
sample  distance  at  nadir  in  the  scan  direction.  The  line-to-line 
sample  distance  of  79  m  is  maintained  for  Landsats  1-3. 

Resampling  Is  performed  for  geometrically  corrected  digital 
tapes.  For  Landsats  4  and  5,  a  57  x  57  m  sample  grid  Is 
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produced,  to  make  the  data  compatible  with  the  28.5  x  28.5  ra 
sample  spacing  of  geometrically  corrected  Landsat  TM  data. 
Cubic-convolution  is  the  standard  method  used  for  resampling. 


The  Landsat  MSS  signals  are  quantized  at  the  spacecraft  into  64 
levels  (six  bits)  before  being  telemetered  to  the  ground.  A  non¬ 
linear  function  is  used  for  the  first  three  bands  and  a  linear 
function  for  the  fourth.  On  the  ground,  the  non-linear  responses 
are  expanded  (decompressed)  onto  a  linear  scale  having  128 
levels.  Computer-compatible  tapes  (CCTs)  produced  for  Landsats 
1-3  before  1979  had  levels  0-127  for  the  first  three  bands 
(called  bands  4,5  and  6),  and  levels  0-63  for  the  fourth  (Band 
7);  after  1979,  the  fourth  band  also  was  expanded  to  the  0-127 
range.  Beginning  with  Landsat  4,  the  MSS  bands  were  numbered  1- 
4,  each  spanning  a  0-127  data  range  on  CCTs. 


Both  relative  and  absolute  radiometric  calibration  procedures  are 
applied  to  Landsat  MSS  data.  These  and  other  factors  affect  the 
overall  quality  of  the  MSS  data  that  are  available  to  users. 
Pre-launch  and  post-launch  calibration  procedures  have  been 
employed  for  the  Landsat  MSS  systems.  There  has  been  some 
evolution  in  the  post-launch  procedures,  as  knowledge  of  system 
characteristics  increased  and  new  problems  were  encountered.  The 
pre-launch  procedure  employed  a  large-aperture  i ntegrat i ng-sphere 
calibration  source.  It  was  stepped  through  a  representative 
range  of  Intensities.  The  dynamic  range  of  each  channel  was 
determined  and  the  least -re spons i ve  channel  in  each  band  (except 
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faulty  detectors)  was  identified  and  used  to  establish  the 
dynamic  range  to  be  used  for  the  calibrated  output  of  the  band. 


Each  MSS  also  has  an  internal  calibration  lamp  which  is  viewed  by 
each  detector  through  a  var i abl e -dens i ty  filter.  This  produces  a 
calibration-wedge  signal  which  is  sampled  at  several  different 
positions  at  the  end  of  every  other  mirror  sweep.  Regression 
coefficients  are  established  during  preflight  calibrations,  based 
on  individual  channel  responses  to  the  calibration-wedge  samples. 

In  post-launch  ground  processing  of  image  data,  the  channel 
responses  to  the  calibration  sources  are  used  with  the  preflight 
regression  coefficients  to  compute  individual  channel  gains  and 
offsets.  These  gains  and  offsets  are  computed  every  other  scan 
line  and  are  filtered  along  the  satellites  track  to  smooth  any 
variation  in  the  values  (Thomas,  1975).  The  filtered  gains  and 
offsets  are  then  used  with  look-up  tables  to  equalize  the 
responses  of  the  individual  detectors  in  each  band,  produce  the 
desired  dynamic  ranges,  and  rad iome tr ical 1 y  correct  raw  Image 
data  values.  Adjustments  in  dynamic  range  and/or  equalizations 
are  made  occasionally  during  the  satellite  lifetimes  through  use 
of  additional  multiplicative  and  additive  modifiers. 

These  procedures  produced  variable  consistency  in  removing 
striping  and  banding  artifacts  from  Landsat  MSS  data.  Therefore, 
an  additional  step  was  added  in  the  Landsat  Mu  1 1  i  spectra  1  Image 
Processing  System  (MIPS)  developed  for  Landsats  4  and  5.  It  is  a 
histogram  calibration  process  which  adjusts  the  channel  gains  and 
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offsets  so  that,  within  each  band,  the  channel  means  and  standard 
deviations  become  the  same  as  the  average  band  value  (Alford  and 
Imhoff,  1985).  Each  Image  is  divided  Into  segments  with  revised 
gain  and  offset  values  being  determined  for  each  segment.  These 
values  are  blended  between  segments  before  being  applied,  with 
updates  typically  being  made  every  200  lines. 

The  rad  I ometr ical 1 y  corrected  digital  values  can  be  converted  to 
absolute  radiance  values  through  use  of  maximum  and  minimum 
radiance  values,  called  Lmax  and  Lmin.  Lmax  is  the  radiance 
value  corresponding  to  the  maximum  number  of  video  quantum  levels 
on  the  output  CCT,  while  Lmin  is  the  radiance  value  corresponding 
to  zero  counts.  Values  for  Lmax  and  Lmin  differ  from  satellite 
to  satellite  and  from  time  to  time  for  a  given  satellite.  It  is 
important  to  note  that  the  specific  values  may  be  for  the  date  of 
processing  or  the  date  of  acquisition.  Also  all  tapes  produced 
since  1979  have  a  0-127  count  range  for  all  bands,  so  a  recently 
processed  Landsat-2  CCT  will  have  an  expanded  Band  7  range  even 
though  a  similar  tape  processed  earlier  would  have  a  0-63  range. 

Two  other  cautions  are  also  in  order.  First,  the  absolute 
accuracy  of  the  radiometric  calibration  is  not  measured  after 
launch.  Second,  the  system  response  may  change  with  time  but  not 
have  this  fact  reflected  in  the  published  Lmax  values. 

This  information  applies  to  MSS  products  obtained  through  the 
EROS  data  center.  Products  obtained  through  other  ground 


stations  may  have  different  calibration  procedures  and  different 
formats . 

Only  limited  resources  have  been  allocated  to  monitoring  the 
post-launch  performance  of  the  Landsat  MSS  systems.  For  the 
first  two  or  three  systems,  spectral  signatures  were  extracted 
quite  regularly  over  a  few  selected  sites  in  the  Western  United 
States,  mainly  at  or  near  White  Sands,  New  Mexico.  These 
provided  some  inputs  to  the  ground  processing  procedures  at  that 
time.  More  recently.  Nelson  <1985)  reanalyzed  those  data  and 
quantified  the  previously  observed  decline  of  Landsat-1  MSS 
responses  relative  to  those  of  Landsat-2. 

Other  investigators  have  made  comparisons  of  the  relationships 
between  various  pairs  of  MSS  systems.  Rice  and  and  Malila  (1983) 
summarize  the  available  data  and  give  transformations  between  the 
various  combinations.  Richardson  (1982)  also  has  examined  such 
relationships  and  made  comparisons.  Both  Markham  and  Barker 
(1985b)  and  Murphy  et  al .  (1985)  have  indicated  that  the  Landsat- 
4  MSS  calibration  appears  to  be  slightly  anomalous  in  comparison 
to  the  other  Landsat  MSSs. 

Generally,  the  Landsat  MSS  has  produced  data  of  good  quality.  As 
one  might  expect,  however,  with  a  series  of  sensors  that  have 
been  in  operation  for  more  than  a  decade,  a  number  of  problems 
have  developed  from  time  to  time.  A  comprehensive  account  of 
system  changes.  Improvements,  and  anomalies  encountered  during 
the  first  ten  years  of  Landsat  was  prepared  by  Clark  (1982). 


Volume  I  of  the  Landsat-4  Science  Characterization  Early  Results 
Symposium  (Barker,  1985a)  contains  several  papers  documenting 
more  recent  events  and  anomalies.  Other  related  papers  include 
Tilton  et  al .  (  1985)  and  Malila  et  al  .  (  1984). 

Landsat  data  are  archived  in  both  film  and  digital  tape  form  at 
the  NOAA/NESDIC  Landsat  Customer  Service  Facility  at  Sioux  Falls, 
South  Dakota.  The  EOSAT  Corporation  recently  assumed  rights  to 
collect  new  data  and  to  market  both  new  data  and  past  data  less 
than  ten  years  old.  This  service  will  continue  to  be  handled 
through  the  Sioux  Falls  Facility  for  two  or  three  years. 

Both  black  and  white  or  false  color  composite  images  can  be 
purchased  in  a  variety  of  forms.  Computer  compatible  tapes 
(CCTs)  are  also  available  in  several  formats.  Fully  processed 
tapes,  CCT-PM,  are  both  rad i ometr ical 1 y  and  geometrically 
corrected,  many  with  ground  control  data.  The  standard  geometric 
projection  is  Space  Oblique  Mercator  (SOM),  although  UTM 
projections  are  an  option.  CCT-AM  data  are  radiometr  ical  ly 
corrected,  but  not  geometrically  corrected.  Tape  formats  may 
place  spectral  band  values  either  interleaved  or  sequentially  on 
the  tape. 

The  MSS  sensor  is  not  currently  planned  to  be  continued  on 
Landsat  6  (1989)  or  Landsat  7  (1991  expected).  Rather  a 
mul t ispectral  scanner  emulater  (EMSS)  will  be  placed  on  the  space 
platform  and  reprocess  TM  data  on-board  to  replicate  MSS  data 
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with  an  improved  spatial  resolution  of  60  meters.  This  will 
provide  a  continuation  of  the  MSS  data  collected  since  1972. 

3.1.2  THEMATIC  MAPPER 

The  Thematic  Mapper  (TM)  is  an  advanced  mu  1 1 i spectral  imaging 
sensor  carried  by  Landsats  4  and  5.  This  Improved  sensor  is  the 
primary  sensor  considered  in  this  study.  Landsat  4  was  launched 
in  1981  and  Landsat  5  in  1984.  Characteristics  of  the  TM  are 
summarized  in  Table  3.  This  sensor  has  Improved  spectral, 
spatial  and  radiometric  resolution  in  comparison  to  the  MSS. 


TABLE  3.  CHARACTERIZATIONS  OF  THE  LANDSAT  THEMATIC  MAPPER 


Spectral  Region 


Spectral  Band  Pass 
( micrometers ) 

Band 

1  : 
2: 
3: 
4: 
5: 
7: 

0.45-0.52 

0.53-0.61 

0.62-0.69 

0.78-0.91 

1  .57-1  .78 

2.  10-2.35 

Band  6  : 

Number  of  Detectors 
/Band 

16 

16 

Altitude  (km) 

705 

705 

Nadir  Footprint  of 

I FOV  <m) 

30 

1  20 

Active  Scan  Angle 
(degrees) 

7.7 

7 . 7 

Ground  Sample  Spacing 
scan  direction  (m) 
line  to  line  ( m ) 

28.5 
28 . 5 

28.5 

28.5 

Le  ve 1 s /Band 

256 

256 

The  linear  resolution  of  the  TM  is  about  2.7  times  finer  than 


that  of  the  MSS,  the  IFOV  of  the  TM  is  30  x  30  m  as  compared  with 
82  x  82  »  for  the  MSSs  on  Landsat  4  and  5.  Greater  radiometric 
sensitivity  of  the  TM  over  the  MSS  Is  achieved  by  utilizing 
eight-bit  quantization  <256  levels)  in  the  anal og-to-d ig i tal 
conversion  process.  The  TM  has  better  signal  to  noise 
specification  and  utilizes  linear  response  functions.  The  TM  has 
more  spectral  bands  than  the  MSS,  seven  instead  of  four. 

Spectral  bands  have  been  added  in  the  blue  (0.45  to  0.52 
micrometer)  region,  the  mid-infrared  (1.55  to  1.75  and  2.08  to 
2.35  micrometers)  and  the  thermal - i nfrared  region  (10.4  to  12.5 
micrometers).  The  TIR  band  has  120  m  spatial  resolution.  Three 
TM  bands  approximate  the  four  MSS  bands.  The  visible  green  and 
red  bands  are  narrower  than  their  predecessors  in  order  to 
improve  their  ability  to  distinguish  phenomena  in  this  region. 

The  reflective  infrared  band  is  narrower  than  the  combined  bands 
of  the  MSS  in  this  region,  having  its  center  in  a  region  of 
maximum  sensitivity  to  plant  vigor. 


The  TM  sensor  is  active  during  mirror  sweeps  in  both  directions, 
16  scan  lines  per  mirror  sweep  (four  detectors  for  the  thermal 
band).  A  scan-line  corrector  mirror  compensates  for  overlap  and 
underlap  which  would  occur  from  this  scanning  motion. 


TM  data  are  sampled  at  a  rate  of  one  sample  per  30  m  at  nadir  in 
the  scan  direction.  Llne-to-llne  spacing  also  is  nominally  30  m 
on  tapes  that  are  only  rad  i  ome tr i a  1 1 y  corrected;  scan  lines  on 


34-31 


successive  sweeps  are  displaced  on  these  tapes  by  a  substantial 
number  of  pixels  relative  to  each  other  in  the  scan-line 
direction  (Beyer,  1985).  Since  the  thermal  band  (Band  6)  has  a 
coarser  120-m  resolution,  each  data  value  is  repeated  in  a  4  x  4 
array  of  the  high-resolution  30-m  pixels  on  rad i ome tr i ca 1 1 y 
corrected  tapes. 

Geometrically  corrected  tapes  are  resampled  to  a  28.5  x  28.5  m 
grid.  The  standard  resampling  procedure  is  cubic  convolution 
which  results  in  some  smearing  of  spatial  detail.  Nearest 
neighbor  sampling  is  also  an  option.  The  standard  geographic 
projection  is  Space  Oblique  Mercator.  UTM  is  an  option  when  the 
scene  center  is  between  65  degrees  north  and  south  latitude  and 
Polar  Stereographic  at  higher  latitudes  (Beyer,  1985). 

Both  pre-launch  and  post-launch  calibration  procedures  are 
employed  for  the  Landsat  TM  systems.  The  pre-launch  procedure 
employs  large-aperture  integrat ing-sphere  calibration  sources 


(Barker  et  al.,  1985,  and  Lansing  and  Barker,  1985).  Each  is 
stepped  through  a  representative  range  of  Intensities  under 
several  different  operating  temperatures.  The  dynamic  range  of 
each  channel  is  determined  and  the  least-responsive  channel  in 
each  band  is  identified  and  used  for  the  calibrated  output  for 
the  band. 

Radiometric  correction  takes  place  when  each  high  density  tape 
(R-tape)  containing  raw  date  is  used  to  produce  an  archival  high 


density  tape  (A-tape)  which  contains  only  rad  1 ometr leal  1 y 
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corrected  data,  but  has  all  the  geometric  correction  parameters 
appended.  Any  geometric  correction  takes  place  in  a  subsequent 
process  and  results  in  a  P-tape.  The  radiometric  correction  ^ 

process  has  three  phases  (Singh,  1985;  and  Irons,  1985).  The 
first  phase  screens  the  R-tape  and  extracts,  accumulates,  and 
saves  calibration,  shutter,  and  subsampled  histogram  data,  for 
each  channel,  from  each  scan.  The  second  phase  computes 
radiometric  gains  and  biases  for  all  channels  and  generates 

< 

lookup  tables  which  are  applied  to  raw  data  during  the  third 
phase . 

Each  TM  contains  three  calibration  lamps  which  are  viewed  by  all 
reflective-band  detectors  once  during  each  scan.  Up  to  eight 
different  combined  lamp  intensity  levels  can  be  produced.  These 
lamp  levels  are  cycled  through  slowly  and  the  corresponding 
detector  outputs  are  monitored. 

Least-square  fits  are  first  produced  after  the  pre-flight 
measurements  to  relate  the  channel  outputs  to  the  2®  different 
1 ntegrat i ng-sphere  radiated  levels  that  were  tested.  These 
result  in  a  derived  gain  and  offset  for  each  detector  (Barker  et  < 
al . ,  1985).  Similarly,  these  radiated  values  are  related  to  the 
calibration  lamp  response  through  regression  analysis.  For  each 
band,  maximum  and  minimum  radiance  values  are  determined.  Barker 
et  al .  (1985)  and  Malila  and  Anderson  (1986)  discuss  these 
values. 
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The  individual  detector  calibrations  for  TM  were  not  expected  to 
satisfactorily  equalize  the  responses  of  detectors  within  each 
band,  so  a  histogram  normalization  option  was  implemented  for  TM 
as  well.  The  procedure  employed  matches  histogram  means  and 
standard  deviations  extracted  from  the  scene  being  processed,  and 
is  described  by  Irons  (1985).  To  expedite  processing,  the 
radiometric  correction  steps  are  combined  into  radiometric  lookup 
tables  which  are  used  to  map  raw  digital  counts  into 
rad  1 ome tr ical 1 y  corrected  values. 

Each  rad i ome tr 1  cal  1 y  corrected  digital  value  can  be  converted  to 
a  spectral  radiance  value  (Malila  and  Anderson,  1986).  The 
necessary  coefficients  are  provided  for  each  band  in  tape 
headers . 

Because  thermal  infrared  radiation  differs  from  the  reflective 
radiation  sensed  by  the  other  TM  bands,  a  different  calibration 
procedure  is  used  for  Band  6.  A  two-point  internal  calibration 
function  is  used.  One  point  is  from  the  temperature-controlled 
blackbody  reference  source  on  the  calibration  shutter  and  the 
other  is  from  measured  temperature  of  another  portion  of  the 
calibration  shutter. 

The  dynamic  range  of  Band  6  initially  was  260  to  320  degrees  K, 
but  was  changed  to  a  range  of  200  to  340  degrees  K.  Tape  header 
coefficients  for  Band  6  can  be  used  to  convert  calibrated  counts 
Into  spectral  radiance.  However,  since  the  observed  radiance  is 
a  function  of  both  the  true  temperature  of  the  object  and  its 


spectral  emittance,  as  well  as  atmospheric  effects;  variable 
spectral  emlttances  can  cause  apparent  temperatures  to  differ 
substantially  from  true  temperatures. 

This  discussion  applies  to  TM  products  obtained  through  the  EROS 
data  center.  Products  from  other  ground  stations  may  have 
different  calibration  procedures  and  different  formats. 

The  TM  sensors  have  produced  data  of  very  good  quality.  Their 
data  have  been  analyzed  extensively  under  the  Landsat-4/5  Image 
Data  Quality  Analysis  (LIDQA)  program.  Artifacts  which  have  been 
discovered  and  described  include  scan-corrected  level  shifts, 
bright-target  saturation,  and  between-sensor  calibration 
differences.  Most  of  these  are  correctable.  Sources  detailing 
the  TM  data  quality  Include  Salomonson  (1984),  Barker  (1985b), 
and  Markham  and  Barker  (1985a).  Barker  (1985b)  gives  a 
comprehensive  discussion  of  TM  reflective  band  radiometry  and 
analyses  the  sources  and  magnitudes  of  error  and  estimates 
overall  accuracy. 

TM  image  products  can  be  obtained  in  the  same  range  of  formats  as 
the  MSS  data  from  EOSAT  and  EROS.  Similarly  TM  CCTs  can  be 
obtained  in  several  formats  and  corrections  as  the  MSS  CCTs. 

The  first  seven  band  TM  data  for  Landsat  4  were  obtained  on  22 
August  1982.  Until  the  first  TDRS  (Tracking  and  Data  Relay 
Satellite)  satellite  was  launched  and  became  operational,  TM  data 
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could  only  be  acquired  in  the  range  of  ground  receiving  stations. 
Failure  in  1983  of  two  of  four  solar  panels  that  power  the  TM  and 
MSS  sensors  have  kept  the  Landsat  4  TM  off  operational  status. 
Landsat  5  was  launched  in  March,  1984  and  began  routine 
collection  of  TM  data  in  April. 


There  are  several  anticiapted  changes  in  future  Landsat 
platforms,  TM  sensors  and  additional  Landsat  sensor  packages. 

The  Landsat  platform  for  the  next  two  systems,  Landsat  S  in  1989 
and  Landsat  7  in  1991,  will  be  called  OMNISTAR.  It  will  have  a 
twenty  year  life  expectancy.  It  may  be  launched  either  by  the 
Shuttle  or  by  expendable  rocket  and  is  also  expected  to  be 
serviced  by  the  Shuttle.  The  TM  on  Landsat  6  is  expected  to 
include  a  panchromatic  band  <0.5  to  0.86  micrometers)  with  a  15  m 
spatial  resolution.  In  addition,  the  TM  projected  for  Landsat  7 
may  replace  the  current  120  m  thermal  channel  with  up  to  four  TIR 
bands  at  60  m  spatial  resolution. 


Other  sensor  packages  being  considered  for  future  Landsat 
missions  Include  a  low  cost,  low  resolution  sensor  (500  m)  with 
increased  temporal  frequency.  Also  a  Mul t ispectral  linear  array 
system  with  selectable  channels  and  off-nadir  pointing  to  provide 
stereoscopic  imagery  is  under  discussion. 


3.2  SPOT 


The  French  earth  resources  Systeme  Probatolre  d ' Observat i ons  de 
la  Terre  (SPOT)  was  sucessfully  launched  in  February,  1986.  This 


essentially  global,  near-polar  sun-synchronous  satellite  has 
local  sun  time  crossings  of  approximately  10:00  am.  It  is  at  an 
orbit  altitude  of  832  km  and  has  a  normal  repeat  cycle  of  26 
days . 


The  satellite  carries  two  identical  high  resolution  visible  (HRV) 
sensors  with  mu  1 1 i spectral  linear  arrays.  Each  HRV  has  a  swath 
of  60  km  and  combined  provide  a  swath  of  117  km.  The  sensors  are 
capable  of  collecting  10  m  spatial  resolution  data  in  a 
panchromatic  mode  and  20  m  data  in  a  three  channel  mul t ispectral 
mode.  In  addition,  the  sensors  have  off-nadir,  polntable  viewing 
capability.  This  off-nadir  viewing  provides  stereoscopic 
coverage  which  could  produce  topographic  information  with 
approximately  10  m  contour  spacing.  The  polntable  sensor  also 
provides  revisit  capabilities  of  up  to  7  visits  at  the  equator 
within  a  normal  26  day  cycle.  The  number  of  possible  revisits 
increases  with  higher  latitudes. 


The  French  Government  has  committed  to  a  continuation  of  the  SPOT 
program  with  plans  for  SPOTs  2,  3  and  4  through  the  1990s.  SPOT 
2  will  be  identical  to  SPOT  1.  SPOTs  3  and  4  are  expected  to 
have  an  additional  mul 1 1  spectral  band  in  the  mid-infrared  (1.5  to 
2.7  micrometers)  for  vegetative  assessment.  The  SPOT  platform 
may  very  well  add  an  additional  sensor  for  large  area,  broad 
resolution  vegetative  analysis.  This  sensor  would  have  four 
spectral  bands,  a  2000  km  swath,  1  km  spatial  resolution  and  near 
dally  repeat  coverage. 
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3.3  AVHRR 


An  operational  global  remote  sensing  system  which  has  been 
receiving  increased  utilization  for  earth  surface  information  is 
the  Advanced  Very  High  Resolution  Radiometer  (AVHRR)  sensor 
carried  on  the  United  States  NOAA  series  of  meteorological 
satellites.  This  sensor  is  the  most  recent  of  a  series  of 
orbiting  satellites  and  sensors  which  have  evolved  since  the 
launch  of  the  first  meteorological  satellite,  TIROS,  in  1960. 


The  AVHRR  sensor  has  five  channels  Including  one  visible,  one 
NIR,  one  MIR  and  two  TIR.  The  swath  width  of  the  sensor  is  2700 
km  and  the  spatial  resolution  is  4  km  off  nadir  and  about  1  km  at 
the  nadir.  One  of  the  primary  reasons  for  the  increased 
utilization  of  this  sensor  is  the  high  temporal  resolution  of  two 
passes  per  day,  day  and  night,  and  four  passes  when  there  are  the 
normally  operating  two  satellites. 


Several  of  the  non-meteorolog ical  applications  of  AVHRR  data 
Include  monitoring  dust  and  sandstorms,  volcanic  monitoring  with 
the  thermal  bands,  marine  oil  spill  analysis,  flood  demarkatlon, 
forest  and  grassland  burning  assessment,  various  geologic 
lithologic  determinations,  and  vegetation  biomass  using 
vegetative  indexes.  The  high  temporal  resolution  of  these 
sensors  and  the  near  real  time  availability  of  data  are  extremely 
important  for  some  applications.  However,  the  limited  spatial 
resolution  makes  it  an  unlikely  data  source  for  the  parameters  of 
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ANALYSIS  OP  SURFACE  CONDITIONS 


This  section  evaluates  the  ability  to  locate  and  evaluate  the 
surface  features  of  interest  listed  in  Table  l  by  automated 
processing  of  remotely  sensed  data,  primarily  Landsat  TM  data. 
Several  of  the  listed  conditions  are  combined  in  a  single 
presentation  because  of  definitional  difficulties  such  as  between 
brush,  forest,  and  the  height  and  density  of  vegetation  or 
because  of  a  similar  remote  sensing  perspective  such  as  streams, 
lakes  and  reservoirs,  all  of  which  require  the  recognition  of 
water. 

For  each  condition,  there  is  included  a  review  of  prior  efforts 
to  evaluate  the  condition  with  remotely  sensed  data  and  when 
appropriate,  additional  processing  strategies  are  presented.  In 
addition,  problems  associated  with  the  analysis  of  the  condition 
such  as  temporal  and  spatial  signature  extension  are  presented. 

4. I  SLOPE 

Slope  and  aspect  information  are  most  easily  obtained  from 
existing  topographic  maps  or  elevation  data  bases.  Most 
elevation  information  is  obtained  from  photogrammetr ic 
measurements  of  stereoscopic  remotely  sensed  photographs  or 
Images.  If  stereoscopic  pairs  are  available,  then  elevation  and 
slope  Information  can  be  obtained.  However,  until  quite 


recently,  1986,  there  was  no  systematic  collection  of  spaceborne 
stereoscopic  data. 

There  are  techniques  for  single  image  slope  determination  in 
areas  of  homogeneous  surflclal  cover  that  have  relatively  uniform 
albedo.  While  these  conditions  may  be  found  locally  within  a 
scene,  it  is  rare  for  this  to  be  the  case  over  broad  areas. 
Therefore,  slope  detemination  of  a  local  area  may  be  much  simpler 
than  slope  determination  over  the  entire  image. 

While  remotely  sensed  data  are  often  the  sources  of  elevation  and 
slope  information,  elevation  data  can  also  significantly  increase 
the  accuracy  of  classification  of  vegetation  using  remotely 
sensing  data  (Foote  et  al . ,  1981).  In  one  study,  Hoffer  et  al . 
(1979)  found  that  elevation  data  improved  vegetation 
classification  by  15  percent.  Vegetation  density  and  type  are 
often  dependent  on  elevation,  slope  and  orientation  primarily  due 
to  climatic  changes  such  as  altitude  zonatlon. 

Generally,  most  researchers  in  remote  sensing  who  need  to  access 
elevation  information  have  overlaid  the  imagery  onto  existing 
topographic  maps  or  have  registered  the  image  data  to  a  digital 
elevation  model  (DEM).  A  DEM  is  a  matrix  of  numbers  representing 
elevation  values  at  points  that  are  uniformly  spaced.  This 
spacing  is  the  resolution  of  the  DEM.  DEM  data  for  the  United 
States  are  currently  being  compiled  and  released  by  the  U.S. 
Geological  Survey  (see  Appendix  A).  The  Defense  Mapping  Agency 


is  in  the  process  of  constructing  a  world  wide  digital  elevation 
database  with  30  ieter  resolution.  If  sufficiently  detailed  data 
are  available  from  these  sources  it  would  be  much  quicker,  and 
probably  more  accurate  to  overlay  the  imagery  data  onto  a  terrain 
model  constructed  from  the  USGS  or  DMA  digital  elevation  data 
than  to  attempt  to  extract  elevation  information  from  currently 
available  spaceborne  remotely  sensed  imagery. 

However,  despite  a  general  preference  for  DEM  data  if  available, 
there  is  interest  and  research  into  obtaining  slope  and  elevation 
data  from  non-stereoscop ic  remote  sensing.  For  some 
applications,  currently  available  DEM  data  may  be  of  too  coarse  a 
resolution  to  differentiate  small  terrain  features  of  Interest 
such  as  gullied  landscapes. 

If  ground  cover  is  homogeneous  and  a  standard  albedo  can  be 
established,  then  reflectance  from  the  scene  varies  only  with 
topography  and  is  proportional  to  the  cosine  of  the  illumination 
angle.  This  relationship  can  be  of  use  in  forested  or  grassland 
terrain  where  the  vegetative  canopy  is  essentially  homogeneous, 
or  in  unv  jetated  areas  of  similar  rocks  or  soils.  If  this 
approach  is  used,  it  would  be  possible  to  determine  a  slope 
amount  for  every  pixel  that  is  illuminated  by  the  sun.  The  use 
of  mul 1 1  temporal  imagery  would  provide  various  angles  of 
illumination  that  should  provide  data  for  all  but  the  most 
frequently  shadowed  mountainsides.  In  addition,  the  slope 
calculations  from  one  image  can  be  compared  with  the  slope 
calculations  of  another  as  consistency  checks. 
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Single  image  spacecraft  data  have  been  found  to  be  of  use  in 
localized  slope  analysis-  Watson  (1968)  has  cautioned  against 
using  any  single  image  to  create  a  complete  model  because  the 
scene  illumination  is  dependent  on  both  the  vertical  and 
horizontal  angle  to  the  illumination  source.  Watson  also  noted 
that  photometric  slope  from  brightness  measurements  are  more 
reliable  if  the  illumination  is  perpendicular  to  any  linear 
landf orms . 

Slope  may  also  be  assessed  by  processing  the  image  data  to  create 
a  differential  image;  that  is,  an  image  that  Is  the  first 
differential  of  the  original  scene  reflectance.  This  is  achieved 
by  passing  a  series  of  digitally  weighted  filters  over  the  data 
(Jensen,  1986).  A  first  differential  image  will  show  the  overall 
trend  of  the  slope  and  is  also  useful  for  edge  identification, 
particularly  of  ridgelines.  Any  abrupt  change  in  spectral  values 
results  in  a  drastic  change  in  the  first  differential.  It  must 
be  stressed  that  this  type  of  image  shows  the  differential  of  the 
image  reflectance  values,  not  of  the  configuration  of  the  terrain 
itself.  They  can  only  be  correlated  well  if  a  relatively 
homogeneous  surface  cover  exists. 

A  similar  technique  has  been  used  to  Identify  gullies  from 
digital  elevation  models.  This  technique  passes  a  three  by  three 
digital  filter  over  the  data,  and  if  the  central  pixel  is  found 
to  be  a  minima  critical  point,  then  a  'saddle'  is  Identified. 


This  process  looks  for  these  points  in  four  directions  passing 
through  the  center  point  (E-W,  N-S,  NW-SE,  NE-SW).  When  the 
product  of  these  operations  is  displayed,  it  is  found  that  the 
gullies  are  well  delineated  by  strings  of  oriented  saddle  points 
<  Carro 1  1  ,  1983). 

Another  method  has  been  developed  for  obtaining  an  estimate  of 
local  slope  in  hilly  or  mountainous  areas  from  TM  Images.  This 
method  requires  that  the  valley  bottoms  and  ridge  lines  be 
identified.  An  estimate  is  then  made  of  the  approximate  maximum 
relief;  this  estimate  can  be  made  from  existing  maps.  The  slope 
in  any  area  is  then  determined  by  dividing  the  estimate  of  local 
relief  by  the  horizontal  image  distance  between  a  rldgellne  and 
the  center  of  the  valley  (Wang,  1984).  Wang  uses  a  linear  model 
in  this  procedure  which  is  appropriate  for  old  mountain  chains. 

In  glaciated  areas  or  newer  mountains,  cartographic  logic  would 
require  the  use  of  curvilinear  models  because  the  slope  generally 
becomes  much  steeper  nearer  the  top  of  the  landforms.  Alpine 
glacial  horns  are  a  perfect  example  of  this  topographic 
principle  . 

In  some  situations  multiple  Landsat  images  may  be  available  and 
conventional  stereoscopy  may  be  applied  to  analyse  the  data. 
Shadowing  can  result  in  useable  stereoscopic  effect  if  images  are 
available  with  disparities  in  inclination  or  azimuth  of  the  sun 
illumination.  Gregory  and  Moore  (1983)  reported  that  large 
vertical  exaggerations  exist  if  multiple  Landsat  Images 
possessing  these  characteristics  are  available.  Thus,  it  is 


possible  that  elevation  information  can  be  extracted  without 
parallax  for  particular  scenes.  However,  Gregory  and  Moore  found 
that  this  vertical  exaggeration  is  non-uniform  over  the  entire 
image  and  varies  with  the  latitude  of  the  Images  used.  If  images 
are  available  meeting  the  required  criteria  (illumination 
direction  and  azimuth  are  standard  information  in  scene  retrieval 
data  from  EROS),  this  effect  may  be  useful  on  a  local  scale  for 
relative  slope  determination  via  visual  examination. 

In  orbital  globally  imaging  systems  there  is  some  amount  of 
overlap  in  the  scenes.  Therefore,  stereoscopic  information  is 
contained  in  the  overlap  areas.  However,  the  height  of  the 
imaging  system  above  the  topography  may  require  the  digital 
enhancement  of  the  scene  data  in  order  to  make  this  effect 
visible  except  in  areas  of  extreme  vertical  relief.  Platform 
stability,  imaging  system  resolution,  geometric  correction  and 
image  matching  accuracy  have  also  been  found  to  be  highly 
Important  if  elevation  information  is  to  be  extracted  in  this 
fashion  (Welch  and  Ehlers,  1985).  Although  attractive 
intuitively  because  the  information  is  present  in  the  imagery, 
this  method  presents  difficult  technical  problems. 

Experimental,  operational  and  future  spaceborne  remote  sensing 
systems  have  been  directed  towards  the  acquisition  of  elevation 
information.  The  Shuttle  based  Large  Format  Camera  and  Metric 
Camera  missions  have  collected  stereoscopic  photography  of 
segments  of  the  earth's  surface  on  an  experimental  basis.  More 


Importantly,  the  recent  operational  SPOT  satellite  offers 


stereoscopic  coverage  of  the  earth  (see  Section  3.2).  Evaluation 
of  the  accuracy  of  this  stereoscopy  has  not  been  well  established 
as  yet  because  lost  of  technical  evaluation  of  the  SPOT  data  has 
been  based  on  airborne  scanner  data  resampled  and  degraded  to 
SPOT  image  resolution.  However,  It  is  expected  that  1®  *  contour 
information  will  be  extracted  from  the  SPOT  data.  Geospectra 
Corporation  of  Michigan  has  already  announced  software  that  will 
produce  topographic  maps  from  SPOT  stereopairs.  It  is  claimed 
that  these  maps  will  meet  U.S.  Geological  Survey  standards  for 
1:5®, 00®  scale  topographic  maps  (Vincent  et  al.,  1984).  Several 
future  spaceborne  remote  sensing  systems,  including  Landsat,  may 
also  contain  stereoscopic  capabilities. 

In  summation,  DEM  databases  are  a  more  reliable  and  faster  way  to 
obtain  slope  information  in  specific  areas  than  non-stereoscop i c 
satellite  data  analysis.  However,  if  DEM  or  SPOT  data  are  not 
available  for  a  specific  area,  then  there  are  both  digital  and 
visual  techniques  available  to  possibly  determine  slope 
information  solely  from  TM  Imagery.  Unfortunately,  these 
techniques  require  very  specific  conditions  and  have  generally 
not  been  duplicated  and  utilized  by  other  researchers,  so  the 
speed,  accuracy,  and  global  applicability  of  them  remains  to  be 
more  fully  evaluated.  Either  DEM  or  stereoscopic  data  from  SPOT 
and  similar  future  systems  will  be  the  best  methods  to  obtain 


slope  information 
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4.2  SURFACE  ROUGHNESS 


Local  surface  roughness  is  a  difficult  condition  to  quantify;  in 
fact,  there  does  not  even  exist  a  standard  measure  that  expresses 
a  'surface  roughness  factor'.  In  addition,  roughness  is  a 
quality  that  varies  with  scale.  It  is  a  known  problem  in 
military  terrain  analysis  that  an  area  can  appear  on  the  map  to 
have  little  relief,  and  therefore  be  assumed  to  be  easily 
traversable  by  vehicles;  but,  in  actuality,  the  land  may  be 
gullied  and  crossed  by  small  intermittent  streams  that  make 
vehicle  movement  difficult  or  Impossible.  Desert  surfaces  such 
as  In  the  Sahara  are  yet  another  example  of  this  scale  problem. 

In  seme  areas,  the  desert  surface  consists  of  small  grain  sands 
that  exist  in  dunes  of  highly  variable  sizes;  while  in  other 
areas,  the  desert  surface  consists  of  cobble  to  boulder  sized 
rocks.  Both  of  these  areas  often  appear  indistinguishable  on 
topographic  maps  and  can  appear  very  similar  on  satellite 
I magery . 

Surface  roughness  results  from  the  complex  geomorphol og ical 
Interaction  of  vegetation,  wind,  and  water  eroding  and  weathering 
different  types  of  bedrock.  In  sedimentary  rock,  if  an  area  is 
predominantly  sandstone  or  limestone,  then  extensive  cobbles  are 
not  expected  in  the  erosional  surface  material.  However,  if  the 
bedrock  consists  of  coarse  conglomerates,  then  the  opposite  is 
expected.  In  areas  of  recent  volcanism,  lava  fields  provide  some 
of  the  roughest  surfaces  found  on  earth.  Locally,  a  river 
channel  that  possesses  significant  gradient  will  generally  be 


floored  with  boulders  and  cobblestones.  Thus,  at  some  scales 
surface  roughness  of  an  area  can  be  inferred  from  specific 
knowledge  of  local  geography  (location  of  streams,  amount  of 
slope)  and  geology  (bedrock  type). 

Some  of  this  knowledge  can  be  obtained  from  remotely  sensed  data. 
Considerable  progress  has  been  made  is  the  discrimination  of  some 
rock  types  in  arid  areas  using  only  spectral  data.  Ratios 
between  different  combinations  of  TM  bands  have  proven  to  be 
particularly  useful  because  a  ratioed  image  removes  the  effects 
of  differential  Illumination  of  the  topography  (Rowan  and 
Lathram,  1980).  However,  in  vegetated  areas  mul t i spectral  data 
are  frequently  insufficient  to  determine  the  bedrock  type  and 
other  measures  must  be  used  In  conjunction  with  radiometric  pixel 
values.  It  is  thought  that  texture  measures  such  as  the  Hsu 
classifier  can  assist  considerably  in  determining  bedrock  types 
(Kirakofe,  1984).  An  operational  system  to  reliably  ascertain 
surface  roughness  from  geologic  and  other  secondary  indicators 
would  have  to  rely  upon  a  consistent  set  of  data  which  might  be 
Incorporated  into  a  GIS  from  a  variety  of  sources  in  addition  to 
remote  sensing. 

A  theoretical  approach  that  has  yet  to  be  applied  to  surface 
roughness  is  the  fractal  description  of  image  reflectance. 
Fractals  were  first  extensively  discribed  by  mathematician  Benoit 
Mandelbrot  (1977).  Mandelbrot  applied  fractals  to  various 
geomorphol og ical  processes,  the  most  quoted  being  the  description 


of  coastlines.  Since  that  time  fractals  have  found  application 
in  computer  graphics,  physics,  and  other  fields  as  a  method  of 
describing  the  results  of  some  natural  processes. 

Pentland  <1984)  suggests  that  fractals  are  a  superior  method  of 
describing  rough  earth  surfaces.  Pentland  also  recognizes 
several  Important  constraints  to  the  indiscriminate  use  of 
fractal  based  descriptions.  One  constraint  is  that  the  surface 
must  be  a  result  of  a  fractal  process  in  order  for  the  fractal 
description  to  be  meaningful.  An  example  of  a  fractal  process 
(that  is,  one  that  is  scale  independent  within  broad  limits)  is 
erosion;  it  is  reasonable  that  small  scale  gullys  are  similar  in 
form  to  larger  scale  valleys  (Haggerstone ,  1983).  Another 
constraint  is  that  the  image  area  subjected  to  fractal  analysis 
must  be  consistent  in  that  all  of  the  area  must  have  been 
subjected  to  the  same  process.  This  requires  careful  image 
segmentation  to  obtain  fractally  heterogeneous  areas.  An  example 
of  segmentation  difficulty  might  be  found  in  satellite  images 
that  span  the  divide  of  the  Sierra  Nevadas.  On  one  side  of  this 
mountain  chain  there  is  a  significant  amount  of  rainfall,  while 
the  other  side  is  desert.  These  two  areas  have  been  subjected  to 
significantly  different  erosional  regimes  and,  if  analysed 
together,  could  not  be  assumed  to  have  any  meaningful  fractal 
dimension.  Fractal  based  description  of  image  data  is  a 
promising  and  intuitively  attractive  idea.  However,  much  work 
remains  to  be  done  before  it  is  an  operationally  reliable 
technique  to  describe  the  three  dimensional  roughness  of  a  scene 
from  the  two  dimensional  image  data. 


Because  surface  roughness  is  difficult  to  quantify  and  is  scale 
dependent,  there  has  been  little  related  empirical  work  with  TM 
data.  Visual  interpretation  and  prior  knowledge  of  the  landforms 
in  the  scene  allow  the  analyst  to  make  some  estimates  of  the 
local  surface  roughness.  The  30  m  spatial  resolution  of  the  TM 
is  too  coarse  to  permit  quantization  of  localized  surface 
roughness  or  ground  particle  size.  Even  the  10  m  resolution  of 
the  SPOT  satellite  will  not  allow  the  analyst  to  directly  assess 
the  surface  roughness  in  a  particular  area.  If  a  landslide  area 
consists  of  3  meter  boulders  (rendering  it  virtually  impassable 
except  with  great  difficulty)  the  SPOT  imagery  will  not  be  able 
to  show  this  fact  directly.  Examination  of  a  low  angle 
illumination  scene  might  reveal  shadow  patterns  amenable  to 
texture  analysis;  but  no  work  was  found  that  utilized  this 
approach . 

Most  investigations  of  surface  roughness  have  been  with  radar 
because  radar  returns  are  highly  dependent  upon  the  roughness  of 
the  surface.  Although  the  modeling  of  radar  returns  from 
different  reflectors  is  extremely  mathematical  and  complex,  there 
are  general  guidelines  available. 

When  using  radar  to  examine  surface  roughness,  a  surface  is 
'radar  rough'  (bright  reflection)  or  ”ra<^r  smooth'  (low 
reflectance)  depending  on  the  relationship  of  the  root  mean 
particle  size  on  the  ground  to  the  wavelength.  A  surface  will  be 
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"radar  rough"  if  the  average  particle  size  is  larger  than  the 
wavelength  of  the  sensor,  and  "radar  smooth"  if  the  particle  size 


is  smaller  (Dozier  and  Strahler,  1983). 

Bryan  (1981)  reports  that  the  relationship  between  rough  and 
smooth  terrain  in  imaging  radars  can  be  expressed  as: 

rough  >  Wavelength  of  radar/8  *  (sin  depression  angle  of  radar); 
smooth  <  Wavelength  of  radar/8  *  (sin  depression  angle  of  radar). 

However,  this  simple  equation  is  not  universally  agreed  upon,  as 
the  nature  of  radar  backscatter  from  complex  reflectors  is  not 
well  understood. 

An  investigation  of  surface  qualities  using  Shuttle  Imaging 
Radar-A  (SIR-A,  L  band,  23  cm  wavelength,  resolution  40  m)  was 
conducted  using  data  covering  Las  Cruces,  New  Mexico  (Teng, 

1985).  The  results  of  this  investigation  showed  that  qualitative 
examination  of  radar  returns  from  an  orbital  platform  are  useful 
in  determining  surface  roughness,  at  least  in  non- vege tated 
areas.  Teng  found  that  regional  SIR-A  image  patterns  generally 
correspond  to  the  amount  of  surface  dissection;  and  that  locally 
the  image  brightness  corresponds  to  differences  in  surface 
roughness  due  to  desert  pavement,  dunes,  scarps,  and  small 
amounts  of  vegetation.  Arroyos  were  found  to  stand  out  clearly 
because  of  the  diffuse  scatter  produced  by  their  coarse  grained 
materials.  Arroyos  were  distinguished  that  were  smaller  than  the 
approximately  40  m  resolution  of  the  Imagery  if  they  were 
oriented  orthagonal  to  the  radar  look  direction.  This  effect  is 
due  to  the  taller  and  denser  amount  of  vegetation  (due  to  the 
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greater  availability  of  water  in  the  arroyo  bottom)  and  the  steep 
to  vertical  walls  of  most  arroyos.  Both  of  these  factors  result 
in  higher  radar  backscatter. 


In  a  similar  study.  King  <1985)  reported  that  it  was  difficult  to 
distinguish  even  between  flat,  undulating,  or  hilly  landscapes 
using  SIR-A  radar  returns  in  highly  vegetated  Indonesia;  only 
mountainous  areas  could  be  identified  with  certainty.  This  scale 
of  information  is  not  directly  related  to  surface  roughness 
except  that  local  relief  determines  drainage  gradients.  King 
indicates  that  the  surface  of  the  land  cannot  be  directly  imaged 
with  available  radar  data  if  the  surface  is  covered  with 
vegetation.  These  two  studies  indicate  different  results  about 
the  capabilities  of  SIR-A  radar  returns  as  a  function  of  the 
amount  of  vegetative  cover. 


A  "mul 1 1  spectral “  approach  to  radar  analysis  has  been  advocated. 
In  this  technique,  radars  of  different  wavelengths  and 
polarizations  are  used  to  multiply  image  the  target  area,  and 
mu  1 1 i spectral  classification  techniques  are  used  to  classify  the 
terrain.  In  a  pilot  study  of  Death  Valley,  California,  Daily 
(1980)  found  that  different  desert  surfaces  were  identifiable 
utilizing  this  approach  combining  airborne  and  SEASAT  radar  data. 
Daily  also  acknowledged  the  difficulty  in  terrain  interpretation 
where  ground  truth  is  not  readily  obtained.  Radar  speckle,  an 
unavoidable  problem  with  radar  images,  renders  many  conventional 
pixel  classifiers  Inoperable  (although  median  value  filters  are 
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recommended).  In  other  areas,  lava  flows  were  easily  discernable 
by  very  bright  returns  on  the  SEASAT  images,  but  this  is  an 
abnormally  rough  earth  surface  condition.  Karst  topography  of 
low  <10  meter)  relief  also  had  high  reflectance  in  SEASAT  Images 
of  the  Dominican  Republic  but  it  is  uncertain  whether  this  is  due 
to  the  vegetation  cover  or  the  surface  itself. 

In  another  study  of  Death  Valley  using  cross-  and  like- 
polarization  radar  (Evans  et  al . ,  1986),  cross-polarization 
brightness  returns  corresponded  well  with  rough  alluvium  of 
younger  geologic  age  while  older  deposits  had  significantly  lower 
returns.  L  band  returns  diminished  when  the  average  particle 
size  became  less  than  one  tenth  the  size  of  the  wavelength. 
Cross-polarized  radar  was  more  dependent  on  the  surface  rouhness 
than  like-polarized  radar.  Evans  concluded  that 

multipolarization  radar  imagery  should  be  acquired  in  order  that 
the  maximum  information  be  extracted  from  the  scene. 

Radar  contains  much  information  about  the  condition  of  the  imaged 
surface.  However,  the  complex  nature  of  natural  reflectors  has 
resulted  in  confusing  results  on  radar  returns  and  utilizations. 
The  difficulty  in  using  radar  lies  not  only  in  the  analysis,  but 
also  in  the  accurate  geometric  transformation  of  the  radar  data 
onto  a  'flat*  map  projection  for  registration  with  other  remotely 
sensed  Imagery  or  maps  <Wu,  1983).  Any  radar  data  available  for 
an  area  of  interest  should  be  visually  examined;  there  Is  no  tool 
better  for  rapid  perception  of  terrain  relief  except  possibly  a 
reliable  large  scale  topographic  map. 


The  ability  of  remote  sensing  techniques  to  evaluate  surface 
roughness  Is  a  function  of  the  type  and  particularly  the  scale  of 
surface  roughness  information  desired.  Automated  determination 
of  surface  roughness  directly  from  TM  data  will  be  very  difficult 
because  of  the  30  m  spatial  resolution  of  the  sensor.  Possible 
exceptions  to  this  may  be  texture  measures  or  the  use  of 
fractals.  Secondary  indicators  of  texture,  such  as  bedrock  or 
geomorphology,  can  be  obtained  via  remote  sensing  or  more  likely 
by  the  incorporation  of  a  variety  of  ancillary  information  in  a 
GIS.  A  sensor  which  can  be  indicative  of  roughness  is  radar  but 
there  are  currently  no  global  programs  to  systematically  collect 
radar  data  appropriate  to  this  study. 
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4.3  WATER 


The  discrimination  of  water  from  land  is  one  of  the  earliest  and 


best  understood  applications  of  remote  sensing.  Water  absorbs 
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almost  all  energy  In  the  Infrared  part  of  the  electromagnetic 
spectrum.  On  infrared  aerial  photography,  open  water  appears 
almost  uniformly  black,  except  water  heavily  laden  with  sediments 
which  is  generally  a  pale  blue. 

To  delineate  the  water/land  interface,  any  spectral  information 
in  the  .75  to  1.1  micrometer  range  may  be  used  ( Schowengerdt , 
1983).  Various  scientists  have  used  MSS  band  7  and  TM  band  4  to 
obtain  excellent  results  in  the  identification  of  water  bodies. 

A  land  cover  assessment  in  South  Dakota  utilizing  low  resolution 
MSS  data  achieved  a  93  percent  accuracy  of  identification  of 
water  covered  areas  <Ripple  and  Miller,  1982).  The  remaining  7 
percent  error  was  probably  due  to  small  ponds  and  creeks  of  less 
that  1  pixel  size.  Schowengerdt  (1983)  has  Illustrated  the 
cartographic  precision  obtainable  for  locating  water  using  low 
spatial  resolution  MSS  data.  With  a  simple  thresholding 
operation,  the  convoluted  edges  of  Lake  Anna,  Virginia  were 
almost  perfectly  delineated.  With  such  easily  achieved  and 
accurate  identification  of  water  covered  areas,  it  will  be 
desirable  to  use  TM  data  for  the  greater  resolutions  offered. 

4.3.1  STREAMS 

Small  streams  are  the  most  difficult  water  bodies  to  identify 
with  satellite  imagery.  This  Is  particularly  true  if  they  are 
significantly  smaller  than  the  ground  resolution  or  pixel  size  of 
the  sensor.  Another  problem  with  stream  identification  in 
vegetated  areas  is  that  a  small  stream  is  often  obscured  by 


overhanging  vegetation.  In  some  environments,  these  gallery 
forests  can  be  secondary  indicators  of  a  stream. 

It  is  possible  to  infer  the  existence  of  a  stream  without 
actually  seeing  the  stream  itself.  If  an  area  is  well  vegetated, 
it  can  be  assumed  that  water  is  necessarily  present.  Topographic 
valleys  are  also  usually  the  result  of  water  erosion.  The  exact 
position  of  a  small  stream  may  change  as  it  undergoes  evolution 
but  the  position  of  the  floodplain  or  stream  valley  is  generally 
stable  over  a  long  period  of  time. 

Even  if  a  stream  is  smaller  than  the  resolution  limit  of  the 
image,  this  fact  can  be  used  to  give  an  upper  limit  to  the  size 
of  the  stream.  If  gradient  information  (see  SLOPE)  is  available, 
it  may  be  used  to  approximately  infer  the  width  and  flow  rate  of 
a  stream,  because,  in  areas  of  steep  gradient,  it  can  be  assumed 
that  the  stream  is  relatively  rapid  and  has  a  narrow  floodplain, 
while  flat  or  rolling  land  can  be  assumed  to  have  streams  that 
are  slower,  shallower,  and  generally  have  wide  floodplains. 

Vegetation  density  is  almost  nvariably  greater  near  waterways. 
This  vegetation  discrimination  may  be  accomplished  either 
digitally  or  by  visual  enhancement.  Blanchard  and  Frick  (1982) 
reported  that  contrast  stretching  techniques  applied  to  TM  band  3 
data  significantly  aided  the  visual  identification  of  the 
woodlands  along  creek  valleys  in  Oklahoma.  The  authors  of  this 
study  felt  that  their  results  were  not  sufficiently  precise 


because  some  other  areas  of  vegetation  were  erroneously  Included 
in  their  classification  of  the  creekside  woodland.  However, 
inspection  of  their  maps  shows  that  the  creeks  can  be  inferred 
reasonably  well  by  "connecting  the  dots"  between  mapped  areas  of 
creekside  woodland.  Outlying  areas  classified  as  creekside  woods 
are  visually  identifiable  as  not  being  part  of  any  "connectable" 
linear  series.  These  outlying  areas  are  where  the  classification 
fails  but  human  visual  interpretation  based  of  spatial 
relationships  can  easily  discern  that  they  are  not  part  of  the 
desired  class.  Thus,  the  presence  of  a  creek  can  be  inferred 
from  the  other  image  data  available,  even  if  the  creek  is  too 
small  to  show  up  on  the  resolution  of  the  image. 

Digital  edge  finding  techniques  can  also  be  employed  to  locate 
small  streams.  These  techniques  are  probably  much  more  useful  in 
difficult  areas  of  low  topography  and  nearly  uniform  vegetation 
density.  First  derivative  filters  accentuate  gradients  but  in 
this  application,  it  would  be  preferable  to  use  second  derivative 
filters  because  they  enhance  maxima  (data  value  peaks).  Jensen 
(1986)  showed  how  Laplacian  (second  derivative)  filters  enhanced 
the  delineation  of  small  streams  in  wetlands.  Jensen  reports 
that  if  the  Laplacian  filtered  image  is  added  back  into  the 
original  image,  the  combination  is  very  effective  in  wetland 
detail  enhancement. 

Wetlands  are  the  most  difficult  type  of  area  in  which  to  directly 
Identify  small  streams.  In  these  areas  there  are  no  topographic 
clues,  and  the  vegetation  is  generally  dense  everywhere  so  the 


technique  used  by  Blanchard  and  Prick  cannot  be  expected  to 
achieve  satisfactory  results.  These  areas  also  show  the 
vegetation  overhang  effect  to  a  high  degree.  However,  it  can 
generally  be  Inferred  that  wetland  areas  will  contain  streams. 

Because  small  streams  may  be  best  identified  by  the  vegetation 
changes  that  occurs  near  them,  a  vegetative  enhancement  approach 
might  well  be  the  best  processing  strategy  to  identify  them.  The 
tasselled  cap  transformation  (Kauth  and  Thomas,  1976)  has  been 
found  to  be  very  useful  in  the  discrimination  of  different 
vegetative  types.  Data  transformation  onto  ‘greenness*  and 
"brlahtness"  axes  extracts  an  optimal  amount  of  vegetative 
information  from  the  raw  mu  1 1 i spectra  1  data  (Jensen,  1986). 
Therefore,  if  the  image  under  investigation  was  first  transformed 
via  this  method,  and  then  a  second  derivative  filter  was  applied 
(in  order  to  identify  maxima  ‘greenness*  edges)  the  small  scale 
streams  should  be  optimally  identified.  This  processing  strategy 
for  the  identification  of  small  streams  has  not  been  found  in  the 
literature  but  logically  it  should  result  in  the  desired  results. 

4.3.2  LAKES  AND  RESERVOIRS 

As  discussed  in  the  introduction  to  this  section,  there  has  been 

no  difficulty  in  the  identification  of  large  bodies  of  water  from 

» 

satellite  image  data.  Research  Involving  large  bodies  of  water 
has  generally  taken  for  granted  that  these  bodies  can  be 
identified  and  plotted  accurately.  Work  has  now  progressed  into 


water  quality  assessment  and  volumetric  estimation.  This  latter 
objective  has  made  extensive  use  of  mu  1 1 i temporal  imagery  to 
determine  lake  shrinkage  and  expansion. 

Ground  survey  information  is  still  generally  employed  for  water 
depth  values  necessary  for  volumetric  estimates  but  some  amount 
of  depth  information  may  be  present  in  the  imagery.  The  best 
penetration  of  water  occurs  in  the  spectral  region  ®.3  to  0.6 
micrometers  (TM  bands  1  and  2).  Penetration  of  water  is  also 
dependent  upon  the  amount  of  suspended  solids  in  the  water 
(Salomonson  et  al  .  ,  1983).  It  ts  possible  to  extract 
quantitative  depth  information  from  satellite  Imagery  in  some  • 
limited  situations  but  on  an  operational  basis,  and  particularly 
for  inland  waters,  this  is  a  very  limited  and  difficult  process. 

An  interesting  example  of  the  identification  and  mapping  of  large 
to  medium  scale  water  bodies  is  Woldai's  (1983)  study  of 
hydrological  projects  in  the  Jiangjan  plain  of  China.  Despite 
the  fact  that  no  ground  truth  or  maps  were  available,  Woldai 
analysed  the  progress  of  Chinese  flood  control  efforts  in  this 
valley  by  mapping  drainage  canals,  dikes  and  lakes. 
Identifications  were  made  through  mu  1 1  i  tempora 1  imagery  of  basins 
used  primarily  for  agriculture  but  available  for  water  storage  in 
times  of  high  precipitation.  These  basins  are  characterized  by 
agricultural  patterns  most  of  the  year  but  in  the  winter  flood 
season  they  can  become  large  lakes  almost  overnight.  Woldai's 
work  is  indicative  of  the  ability  of  satellite  remote  sensing  to 
locate  and  monitor  large  water  bodies.  Information  about  weekly 


or  even  daily  changes  in  the  size  and  location  of  these  features 
is  easily  obtained  from  satellite  data. 


Essentially  any  open  water  area  larger  than  the  pixel  size  of  the 
sensor  can  be  reliably  delineated  with  mu  1 1 i spectral  digital  data 
by  simple  single  band  density  slice  techniques.  Smaller  water 
bodies  can  occasionally  be  inferred  by  other  features  such  as 
vegetation  or  topography.  This  Inference  may  require  the 
incorporation  of  ancillary  data  and  can  be  best  accomplished  by 
trained  Interpreters.  Information  on  water  depth  or  flow  rates 
may  also  be  Inferred  by  ancillary  information  but  cannot  be 
reliably  obtained  by  remote  sensing. 
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4.4  WETLANDS 


There  exists  a  sizeable  body  of  published  work  on  the  remote 
sensing  of  wetlands.  This  interest  has  been  widespread  for  a 
number  of  reasons.  From  an  environmental  viewpoint,  wetlands 
have  become  recognized  as  important  fish  and  wildlife  breeding 
grounds.  Wetlands  are  also  currently  disappearing  due  to  drain 
and  fill  development  operations.  Prom  a  terrain  or 
transportation  perspective,  wetla..Hs  are  an  important  obstacle. 
Remote  sensing  has  been  found  to  be  an  invaluable  tool  for  the 
mapping  of  wetlands  for  two  reasons.  One  reason  is  that  temporal 
change  in  wetlands  can  be  quite  rapid  and  imagery  can  be  obtained 
with  high  temporal  frequency.  The  second  is  that  wetland  areas 
tend  to  be  difficult  to  survey  on  the  ground  due  to  limited 
access i b i 1 i ty . 


One  frequent  problem  in  the  analysis  of  wetlands  is  the  many 
different  types  of  wetlands,  each  of  which  has  specific  terrain 
and  vegetation  characteristics.  A  salt  marsh  in  the  tidal  zone 
is  usually  characterized  by  extensive  grasses;  this  is  a  very 
different  wetland  than  the  cane  brakes  of  the  Louisiana  Delta 
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country,  or  the  cypress  groves  of  Georgia's  Okefenokee  swamp.  A 
wetland  classification  system  for  use  with  remotely  sensed  data 
has  been  devised  to  address  this  problem  by  the  U.S.  Fish  and 
Wildlife  Service  (Cowardin  et  al.,  1979).  It  is  hoped  that  more 
workers  will  adapt  this  system  so  that  the  results  of  one  study 
can  be  meaningfully  compared  with  the  results  of  another.  To 
date,  most  wetland  research  using  remotely  sensed  imagery  has 
used  data  specific  classification  systems.  Often,  wetland  is  not 
differentiated  into  type,  the  classification  system  simply 
specifies  wetland  versus  non-wetland.  This  has  lead  to 
difficulties  in  the  extension  of  an  apparently  successful  image 
processing  strategy  to  a  different  area.  Depending  on  the 
vegetation  present  and  the  amount  of  open  water,  the  spectral 
signatures  of  two  wetlands  may  be  very  different. 

From  a  remote  sensing  standpoint,  wetlands  are  very  interesting 
because  they  are  transitional  areas  between  land  and  water.  As 
seen  before,  there  is  little  difficulty  discriminating  the  land 
from  the  water  (provided  the  spatial  resolution  is  sufficient); 
however,  in  swampy,  muddy  lowland  areas  that  are  often 
periodically  inundated  by  tides,  this  discrimination  is  often 
difficult. 


The  vegetation  present  also  confuses  the  classification  of 
wetlands.  In  some  areas  of  the  earth,  standing  water  occurs 
underneath  10®  percent  tree  cover.  This  condition  can  be  found 
in  the  cypress  swamps  of  Georgia  and  the  mangrove  swamps  of  the 
tropics.  An  image  taken  from  space  and  analysed  visually  will 
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show  healthy  vegetation  in  these  areas,  leading  the  analyst  to 
infer  that  the  vegetation  exists  on  solid  land.  As  an  extension, 
it  might  be  thought  that  a  man  might  possibly  traverse  that  land, 
albeit  with  some  difficulty.  However,  many  wetlands  of  this  type 
are  almost  impossible  to  cross  on  foot.  The  combination  of 
bottomless  mud,  water  that  can  be  deeper  than  a  man  can  walk  In, 
tangled  above  and  below  water  vegetation,  and  the  omnipresence  of 
daunting  amounts  of  insects  and  reptiles  render  this  type  of 
country  virtually  impassable  to  foot  travellers.  In  most  of 
these  areas  boats  are  necessary  for  transit.  Thus,  it  is  highly 
important  to  be  able  to  distinguish  wetland  from  other  vegetated 
areas . 

Generally,  only  wetland  or  non-wetland  classification  with  varied 
degrees  of  accuracy  has  been  achieved  using  only  spectral  data 
from  satellite  imagery  (Carter,  1982).  In  order  to  achieve 
reliable  subclassifications  of  the  wetlands,  It  has  been 
necessary  to  visually  analyse  texture  and  landscape  associations 
(Finley  et  al . ,  1981).  These  classification  strategies  are  more 

accurate  than  using  purely  spectral  data. 

Because  of  the  transitional  nature  of  wetlands  and  the  dense, 

mixed  vegetation  so  often  found  In  these  areas,  it  will  probably 

be  necessary  to  use  ancillary  information  to  fully  delineate 

» 

wetlands  using  satellite  data.  A  significant  amount  of  wetland 
delineation  can  be  done  with  fairly  rudimentary  geographic 
knowledge.  If  a  wetland  Is  Identified  directly  adjacent  to 


coastal  dunes,  then  It  can  be  reasonably  Inferred  that  it  is  a 


salt  marsh  primarily  comprised  of  high  grasses  and  reeds  with 
little  or  no  trees.  Site,  situation,  and  climatic  zone  are 
important  factors  in  determining  wetland  vegetation  assemblages. 

Another  approach  has  been  suggested  to  deal  with  the  low  spatial 
resolution  of  Landsat  data  when  classifying  wetlands. 

Essentially,  this  approach  advocates  that  the  Landsat  data  be 
used  to  extract  a  statistical  picture  of  the  wetland  under 
investigation,  and  that  the  statistics  be  used  to  infer  detail 
that  is  generally  only  visible  in  higher  resolution  aerial 
photography.  In  other  words,  the  image  is  not  treated  as  a  map 
(as  is  normally  the  case);  instead,  the  image  is  treated  as  a  set 
of  samples  of  the  wetland.  Thus,  if  25  percent  of  the  wetland 
image  was  classified  as  pure  water  pixels,  and  10  percent  pure 
tree  cover,  then  pixels  that  are  spectrally  mixed  and  not  readily 
classified  into  a  "pure"  category  are  treated  as  though  they  were 
25  percent  open  water  and  10  percent  tree  covered  (Roller,  1981). 
This  approach  implies  scale  independence  with  certain  limits,  and 
this  model  may  be  very  effective  if  the  image  is  properly 
segmented  into  grossly  homogenous  areas  (to  the  limits  of  the 
image  resolution).  A  similar  approach  was  used  in  a  study  of 
land  cover  in  Idaho  (Anderson  et  al . ,  1982).  Altnough  this  study 
concerned  irrigated  lands,  a  field  check  of  the  the  land  cover 
estimated  from  statistical  treatment  of  the  Landsat  MSS  data 
showed  an  accuracy  of  89  percent. 

Airborne  radar  has  been  used  in  the  discrimination  of  salt  marsh 
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areas.  Shuchman  et  al.,  (1981)  have  reported  that  a  multiband 
radar  approach  clearly  identified  coastal  marshes  in  Florida. 

They  hypothesized  that  X  band  radar  reflects  off  the  top  of  marsh 
grass  (yielding  “radar  rough*  bright  returns)  while  the  longer 
wavelength  L  band  penetrates  to  the  water,  which  is  smooth  in 
comparison  to  the  wavelength  (yielding  "radar  smooth"  dark 
reflectances).  This  multiband  approach  may  be  applicable  to 
other  areas.  In  another  study,  L  band  radar  was  shown  to 
identify  standing  water  underneath  tree  cover  in  Georgia  (Evans 
et  al  .  ,  1986).  Both  HH  (like)  polarization  and  VH  (cross) 
polarization  were  found  to  be  effective  in  revealing  the  standing 
water . 

There  has  been  a  considerable  amount  of  research  and  discussion 
about  the  ability  of  radar  to  penetrate  vegetative  cover  and 
image  the  surface  underneath.  Unfortunately,  theoretic  models  of 
imaged  phenomena  have  not  been  sufficiently  developed  for  radar 
analysis  of  natural  surfaces  to  be  reliable  except  when  the 
imagery  can  be  extensively  checked  against  ground  truth.  The 
combination  of  MSS  or  TM  data  to  locate  vegetation  and  radar  to 
locate  water  below  the  vegetation  may  be  an  effective  multisensor 
approach  for  automated  image  processing  of  wetlands.  For  the 
purposes  of  this  study,  the  lack  of  globally  available  radar  data 
makes  this  only  a  speculative  strategy. 

The  ability  to  locate  wetlands  with  automated  processing  of  TM 
data  is  situation  dependent.  In  some  environments,  the  wetlands 


may  have  a  sufficiently  unique  spectral  signature  that  reliable 


discrimination  can  be  obtained.  In  other  environments  or  during 
other  temporal  windows,  wetlands  may  not  be  uniquely  identified. 
Mul t  i  temporal  data  may  be  an  effective  processing  strategy 
particularly  If  during  one  date,  the  water  of  the  wetlands  may  be 
observed  either  because  of  leaf-off  or  flooding  conditions. 
Multisensor  processing  using  vegetation  penetrating  radar  with  TM 
may  be  effective  when  globally  available  radar  systems  exist. 

GIS  based  ancillary  information  such  as  topography  and  proximity 
to  water  may  also  be  useful  in  locating  wetlands. 
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4.5  SNOW  DEPTH 

Considerable  effort  has  been  expended  attempting  to  establish 
snow  cover  conditions  through  satellite  and  air  photo  analysis. 
The  majority  of  these  snow  studies  are  for  assessment  of  the 
extent  of  cover  and  not  snow  depth  because  of  the  complexity  of 
how  the  snow  interacts  with  the  sensor  used.  This  interaction  is 
dependent  of  the  density  and  water  equivalence  of  the  snow.  In 
addition,  partial  melt  of  the  snowpack  has  been  found  to 
significantly  affect  the  spectral  reflectance  of  the  snow.  A 
number  of  theoretical  models  have  been  developed  to  model  snow 
reflectance  with  radiative  transfer  theory;  however,  none  of 
these  models  have  been  found  to  be  valid  for  all  purposes 
(Wlscombe  and  Warren,  1980). 

In  examining  snow  with  remotely  sensed  Images,  the  first  issue  is 
the  discrimination  of  snow  from  cloud  cover.  In  the  visible 
range,  snow  and  clouds  both  have  high  reflectance  values,  very 
unlike  almost  any  other  natural  surface.  In  TM  bands  4,5  and  7, 
snow  reflectance  digital  values  were  reported  to  average  198, 

226,  and  220,  respectively;  the  variance  for  all  three  bands  was 
around  40  (Izadpanah,  1985).  TM  band  5,  1.55-1.75  micrometers. 


allows  discrimination  between  clouds  and  snow.  In  this  band  the 


snow  will  have  a  much  lower  reflectance  than  clouds  (Rango,  1983; 
Salmonson  et  al . ,  1983).  By  the  use  of  thresholding  values,  two 
masks  can  be  created  that  will  discriminate  the  snow  covered 
areas  from  non-covered  areas.  The  first  mask,  using  a  high 
threshold  value  and  preserving  the  pixels  above  this  value, 
combines  the  snow  and  clouds,  eliminating  all  other  areas  of  the 
image.  The  second  mask  is  applied  to  the  1.55-1.75  mm  band, 
using  only  the  pixels  remaining  from  the  first  mask.  This  mask 
uses  a  low  threshold  value  and  preserves  the  pixels  below  the 
threshold  which  will  be  snow.  If  sufficiently  cloud  free  data 
can  be  obtained  on  suitable  dates,  TM  data  can  effectively  show 
the  extent  of  snow  cover.  Snow  depth  is  much  more  difficult. 


Rango  (1983)  reported  that  the  visual  snow  line  in  non-forested 
terrain  corresponds  roughly  to  a  snow  depth  of  approximately  2.5 
cm.  This  snowline  is  defined  as  a  line  within  which  the  snow  has 
a  consistently  high  brightness  on  the  image.  Snow  patches  that 
appear  mottled  are  usually  of  less  depth  than  2.5  cm.  He  also 
recognized  that  significant  tree  cover  in  snowy  areas  and  the 
presence  of  shadowing  caused  by  topography  requires  that  the 
analyst  be  knowledgeable  about  the  local  terrain  before  a 
reliable  snow  line  determination  can  be  made. 


Snow  depth  charts  are  published  for  both  hemispheres  by  the 

» 

Global  Weather  Control  of  the  U.S.  Air  Force  using  a  computer 
program  that  calculates  this  information  from  ground  stations, 
precipitation,  and  temperature  data.  The  generalization  of  the 
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snow  covered  areas  and  consistent  overestimation  of  lightly 
covered  areas  on  these  charts  coupled  with  the  high  variability 
of  local  snow  depth  due  to  topography  and  elevation  renders  these 
charts  inadequately  accurate  for  determining  localized  snow  depth 
(Kukla  and  Robinson,  1981). 


In  one  study  of  open  land,  average  snow  brightness  Increases  up 
to  a  depth  of  about  10  inches  (McGinnis  et  al . ,  1975).  However, 
Kukla  and  Robinson  (1981)  found  that  snow  brightness  varied 
according  to  the  land  cover  in  a  mixed  woodland/ farmland  area  of 
Ohio.  This  study  determined  that  differences  in  snow  reflectance 
were  mostly  due  to  the  varying  amounts  of  the  different  land 
covers  in  the  scene.  To  utilize  this  technique  to  assess  snow 
depth,  it  might  be  necessary  to  create  a  mask  for  the  forested 
areas  and  only  analyse  the  consistency  and  range  of  the  snow 
brightness  values  for  the  cleared  land  in  the  image. 


The  difficulty  in  determining  snow  depth  from  reflectance  data 
has  led  to  model  based  research  that  uses  imagery  data  to 
determine  the  extent  of  the  snowfall;  the  snowfall  line  is  then 
overlaid  on  the  topography.  Bagchi  (1983)  has  proposed  a  model 
for  the  Hymalayas  that  shows  some  promise  in  determining  the  snow 
depth  in  mountainous  areas  with  very  limited  ground  monitoring 
capabilities.  Bagchi 's  model  incorporates  the  orographic 
increase  effect  relating  elevation  to  greater  amounts  of 
snowfall.  The  percentage  of  rain  to  snow  in  the  local 
precipitation  is  a  function  of  temperature  which  is  controlled  by 
the  elevation.  The  amount  of  snow  is  modelled  as  linearly 
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increasing  with  height.  A  linear  relationship  may  not  be 
strictly  correct  and  fieldwork  would  need  to  be  done  to  establish 
this  relationship  more  precisely.  In  addition,  it  is  thought 
that  the  latitude  of  the  area  in  which  this  model  is  applied 
might  also  be  a  significant  factor.  Bagchi  stresses  that  the 
general  approach  of  his  model  should  be  valid  in  other  areas  but 
that  area  specific  parameters  would  have  to  be  investigated  for 
application  to  other  mountainous  areas  of  the  world. 

This  approach  is  especially  attactive  because  it  uses  known 
geographic  Information  with  image  data  to  evaluate  ground 
conditions  at  a  specific  site.  Much  of  the  available  research  in 
the  remote  sensing  of  snow  attempts  to  determine  snow  parameters 
only  with  image  data,  without  consideration  of  the  topographic 
and  climatic  situation  of  the  site. 

Unfortunately,  there  is  no  confirmation  of  Bagch i ' s  results  from 
ground  stations  because  of  the  inaccessibility  of  the  Himalayan 
terrain.  He  does  state  that  the  results  are  reasonable  in 
comparison  to  the  outflow  of  the  basin  as  measured  at  a  river 
monitoring  station.  Although  Bagchi's  model  is  applied  only  for 
mountainous  areas  where  the  orographic  effect  is  in  operation, 
this  type  of  terrain  is  precisely  where  other  workers  have 
claimed  that  the  determination  of  snow  depth  is  most  difficult 
(Kukla  and  Robinson,  1981).  Models  and  other  attempts  to 
estimate  snow  depth  using  remote  sensing  can  possibly  provide 
estimates  of  average  snow  depth  but  not  local  variations  due  to 


drifting  and  topographic  factors. 


D 


Both  active  and  passive  microwave  remote  sensing  of  snow  and  ice 
has  been  attempted  because  of  the  microwave  ability  to  penetrate 
cloud  cover  that  often  obscures  snowy  and  mountainous  areas.  The 
presence  of  operational  satellite  passive  microwave  radiometers 
aboard  the  NOAA  (coverage  every  12  hours)  and  GOES  (coverage 
normally  every  30  minutes)  satellites  have  promoted  research  in 
snow  and  ice  remote  sensing.  This  high  temporal  coverage  is  of 
importance  in  snow  conditions  because  of  the  rapid  change  that 
snow  cover  can  undergo  in  a  few  days  of  warm  weather  or, 
conversely,  during  a  storm.  The  low  spatial  resolution  of 
satellite  microwave  radiometers  is  a  serious  restriction  to 
determine  local  snow  conditions  except  in  flat,  grassy  or  poorly 
vegetated  regions  where  the  snow  can  be  assumed  to  be  consistent 
over  a  large  area  (Salmonson,  1983).  Chang  et  al.  (1980) 
developed  linear  relationships  between  snow  depth  and  microwave 
brightness  using  data  from  the  NOAA-7  radiometer.  In  flat, 
unforested  areas,  snow  depth  was  negatively  correlated  with  the 
37  gHz  microwave  brightness  under  dry  snow  conditions,  but  this 
sensor  has  a  resolution  of  only  28  km  by  17  km.  Chang  (1981) 
also  found  that  the  microwave  brightness  decreased  more  rapidly 
with  snow  depth  in  a  short  (0.8  cm)  wavelength  than  in  a  longer 
(6  cm)  wavelength,  a  difference  attributed  to  a  scattering  effect 
of  the  snow  crystals.  Tiuri  (1981)  noted  a  similar  effect  for 
well  controlled  experimental  conditions  in  Finland.  Chang 
advocates  a  mu  1 1 i spectra  1  approach  for  snow  depth  Investigation 
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that  would  exploit  different  microwave  wavelengths. 

The  ability  of  active  microwave  sensors  such  as  radar  to 
penetrate  or  reflect  from  the  snow  surface  Is  highly  dependent  on 
the  amount  of  water  and  Ice  present  in  the  snow,  the  angle  of 
incidence  of  the  radar  wave,  the  surface  roughness  of  the  snow, 
and  the  underlying  material.  This  complexity  of  signal  return 
makes  interpretation  very  difficult.  Additionally,  global  radar 
coverage  is  not  available  at  present,  although  this  may  change  in 
the  future.  Radar  analysis  of  snow  is  generally  found  to  be 
extremely  difficult  and  full  of  uncertainty.  Considerable 
current  effort  is  occurring  to  model  the  reflectance  of  the  snow 
at  various  frequencies.  Styles  et  al .  <1981)  reported  that  radar 
return  generally  increases  with  increasing  water  equivalence, 
decreases  with  the  presence  of  liquid  water,  increases  with 
crystal  size,  and  is  sensitive  to  the  roughness  of  the  underlying 
material  if  the  snow  is  dry.  Stiles  concludes  that  snow 
interaction  with  radar  is  not  yet  sufficiently  understood  to 
permit  radar  analysis  of  snow  with  accuracy  and  precision.  The 
potential  of  accurate  snowpack  monitoring  may  be  greatly 
increased  once  optimal  combinations  of  microwave  frequencies  are 
found . 

Salmonson  (1983)  suggests  that  reliance  upon  a  single  sensor  to 
remotely  assess  snow  conditions  would  be  in  error.  Instead,  he 
advocates  the  Integration  of  data  from  different  sources  to  gain 
the  most  information  possible.  Visible  spectrum  data  from  the  TM 
can  assess  local  conditions  on  a  periodic  basis  while  near- 


infrared  data  delineates  areas  of  surface  melting  and  permits 
snow/cloud  discrimination.  Nighttime  thermal  observations,  while 
of  low  spatial  resolution,  double  the  number  of  TM  observations 
available,  thus  increasing  the  opportunity  of  cloud  free  scenes. 
Passive  radiometers  yield  a  regional  view  and  their  penetrating 
characteristics  can  provide  information  about  the  snow  condition 
and  depth  over  homogeneous  areas.  However,  for  small  basins  and 
mountainous  areas,  active  microwave  sensor  data  will  probably  be 
required. 

The  extent  of  snow  cover  can  easily  be  accomplished  with 
currently  operating  spaceborne  sensors.  The  high  temporal 
resolution  provided  by  the  meteorological  platforms  are  capable 
of  providing  a  higher  probability  of  cloud-free  and  near  real¬ 
time  data  than  Landsat.  Currently,  there  are  no  reliable  systems 
to  determine  snow  depth  with  remote  sensing  but  some  modelling 
approaches  like  that  of  Bagchi,  and  microwave  sensors  may  provide 
that  information  on  a  regional,  average  basis. 
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4.6  BOUNDARY  DEMARCATIONS 


Most  satellite  remote  sensing  has  focused  on  the  classification 
of  areal  phenomena  such  as  the  identification  of  corn  fields, 
floodplains,  or  urban  areas.  Little  work  has  been  published  on 
the  classification  of  linear  or  point  phenomena.  These  three 
basic  types  of  data  (area,  linear,  point)  represent  increasingly 
difficult  identification  tasks  from  automated  processing  of 
orbital  data.  With  area  data,  enough  homogeneous  pixels  are 
usually  available  that  signature  extraction  and  classification 
can  be  accomplished.  With  linear  or  point  data,  this  is  not 
possible.  Even  with  10  m  resolution  SPOT  data,  classification  of 
linear  features  will  still  be  difficult,  since  many  linear 
features  are  not  10  meters  wide.  This  is  not  to  say  that  many 
linear  features  will  not  be  visible;  on  the  contrary,  a  highly 
reflectant  concrete  road  will  often  dominate  the  neighboring 
pixels  and  show  up  clearly  on  satellite  imagery.  The  difficulty 
in  automated  classification  is  that  virtually  all  of  the  road 
pixels  will  show  a  mixed  reflectance  that  is  a  combination  of 
road  and  neighboring  vegetation  and  there  will  be  few,  if  any, 
"pure"  road  pixels  for  signature  extraction.  Many  linear 
features  are  visible  on  satellite  Imagery  and  can  be  enhanced  by 
edge  detection  and  lineament  tracing  algorithms  but  precise 
identification  is  difficult  unless  morphological  clues  provide  a 
basis  for  visual  Interpretation  (Pelletier,  1983). 

Improved  roads  are  one  of  the  easiest  linear  visual 


classifications  to  make  with  satellite  image  data.  Paved  roads 
generally  have  very  different  reflectances  from  the  surrounding 
land  cover  and  can  often  be  recognized  because  they  are 
relatively  long,  straight,  and  possess  geometrically  simple 
curves.  Dirt  roads  are  virtually  indistinguishable  even  on 
enhanced  satellite  Imagery.  Walls,  fences  and  hedgerows  are 
also  indistinguishable  on  commercially  available  satellite 
imagery  at  the  present  time.  No  studies  were  found  that  directly 
address  the  identification  of  these  features.  The  possible 
location  of  these  features  may  be  obtained  by  edge  detection 
enhancements  based  on  changing  land  covers  from  one  field  to 
another  but  the  existence  of  a  wall,  fence  or  hedgerow  at  these 
locations  cannot  be  determined  with  TM  data.  There  are  some 
approaches  that  may  prove  more  feasible  in  the  future. 

High  resolution  TM  or  SPOT  imagery  may  be  of  use  to  identify 
linear  features  if  the  illumination  is  of  a  sufficiently  low 
angle  so  as  to  cast  long  shadows.  This  Implies  the  use  of  early 
morning  and  seasonally  low  sun  angle  images  in  relatively  flat 
terrain.  With  this  technique,  an  extensive  process  would  be 
necessary  to  reliably  identify  most  of  the  linear  features  of 
interest  in  the  scene  because  the  illumination  for  any  one  scene 
will  tend  to  reveal  stuctures  only  in  an  alignment  perpendicular 
to  the  illumination  and  not  shadowed  by  other,  larger  topographic 
features.  The  use  of  edge  enhanced  mu  1 1 i temporal  imagery  in  a 
GIS  context  allows  the  successive  addition  of  edge  extractions 
from  a  series  of  scenes,  thus  assembling  a  map  of  the  linear 
features  revealed  from  a  number  of  different  sun  orientations. 


A  promising  approach  to  .linear  feature  identification  has  been 
found  in  the  literature  on  artificial  intelligence.  Witkin 


(1982)  and  others  (Fischler  et  al.,  1982)  at  the  Fairchild 
Artificial  Intelligence  Laboratory  have  developed  a 
classification  of  edges  found  in  images.  This  classification  is 
based  on  numerical  intensity  data  from  the  images.  Various  edge 
types  are  recognized  including  shadow,  material  boundary,  surface 
marking,  and  surface  Intersection. 


Since  linear  features  of  interest  in  this  study  (walls,  fences, 
hedgerows)  are  too  small  to  be  seen  with  conventional  satellite 
imagery  resolution,  a  shadow  edge  holds  promise  for  their 
Identification.  Material  boundary  edges  (like  agricultural  field 
boundaries)  may  infer  from  prior  regional  geographic  knowledge 
that  some  boundary  demarcation  may  be  present  but  does  not 
classify  the  edge  in  terms  of  a  specific  feature.  In  Fischer  et 
al  .  (  1982)  it  is  recognized  that  "we  would  not  want  to  use 
shadows  as  features;  on  the  other  hand,  shadow  edges  are  very 
important  cues  in  looking  for  ...thin  raised  objects." 

Knowledge  of  the  sun  angle  and  the  shadow  dimensions  therefore 
can  allow  calculations  about  the  size  of  the  object  casting  the 
shadow.  The  size  information  of  the  shadow,  it's  thickness, 
consistency  and  statistical  characterization  may  allow  the 
subclassification  of  shadow  edge  types  and  infer  what  is  casting 
the  shadow.  To  accomplish  this,  It  is  necessary  to  know  if  it  is 
a  shadow  or  some  other  kind  of  edge.  Intensity  based  edge 
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classification  may  be  useful. 

Two  approaches  have  been  taken  to  identify  shadow  edges.  Fukue 
et  al .  (1981)  compared  small  areas  on  either  side  of  the 
suspected  edge;  if  the  standard  deviation  was  the  same  on  either 
side  of  the  edge,  and  the  difference  between  mean  values  for  each 
of  the  two  areas  could  be  attributed  to  a  single  scale  factor, 
then  the  edge  was  determined  to  be  a  shadow  edge  (in  other  words, 
there  was  no  difference  in  albedo  between  one  side  to  another). 

In  a  more  detailed  approach,  Witkln  (1982)  reports  that  shadow 
edges  show  good  linear  correlation  across  the  shadow  boundary  if 
a  small  strip  is  considered  on  either  side  of  the  shadow  edge. 

To  confirm  a  suspected  shadow  edge,  it  is  'imbedded"  in  a  series 
of  parallel  curves  on  either  side  of  the  edge,  and  correlation  is 
checked  between  opposing  pairs  of  curves  (one  on  either  side). 
Sustained  high  correlation  with  some  disturbance  in  one  or  both 
of  the  regression  parameters  (slope  and  intercept)  are  thought  to 
strongly  indicate  a  shadow  edge. 

In  order  to  reduce  the  computational  time  to  find  all  image 
shadows  cast  by  thin  raised  objects,  Flschler  et  al .  (1982) 
applied  a  series  of  enhancements  to  isolate  shadows  of  interest. 

A  thin  line  detector  oriented  parallel  to  Illumination  direction 
is  passed  over  the  image,  and  the  lines  found  by  it  are  enhanced. 
The  shadow  lines  are  thinned,  and  added  back  on>to  the  original 
image;  as  a  result,  the  base  of  each  shadow  now  points  to  the 
object  casting  the  shadow.  The  use  of  mu  1 1  i  te mpora 1  imagery 
allows  the  intersections  of  shadow  lines  to  locate  objects  more 


precisely  and  also  more  shadows  are  added. 

Many  algorithms  exist  for  edge  or  line  detection  (Schulz,  1983). 
Loew  et  al .  (1981)  provide  a  method  that  was  found  to  be 
particularly  useful  in  locating  straight  edges.  A  Sobel  filter 
was  employed  to  identify  edge  points,  and  a  Hough  tranf ormat ion 
to  identify  lines  from  the  disconnected  edge  segments.  This  sort 
of  approach  would  be  particularly  useful  in  low  spatial 
resolution  satellite  data,  because  linear  feature  extraction 
often  results  in  a  bewildering  array  of  small  disconnected  line 
segments.  The  Hough  transform  allows  for  minimum  and  maximum 
line  tolerances  to  be  specified.  It  is  also  useful  to  Identify 
corner  points  for  image  registration  (Fang  and  Huang,  1982). 

Several  other  methods  of  line  detection  were  tested  by  Hall  and 
Mertz  (1983).  Their  study  is  of  particular  interest  because  they 
applied  it  successfully  to  simulated  TM  data  to  determine 
agricultural  boundaries.  They  reported  that  Laplacian  (second 
differential)  high  pass  filtering  was  superior  to  Sobel 
(gradient)  filtering.  Shaw  et  al .  (1981)  obliquely  supports 
this  conclusion.  In  the  Hall  and  Mertz  study,  spatial  frequency 
“notch"  filtering  utilizing  the  Fast  Fourier  transformation  was 
found  to  be  more  versatile  to  enhance  different  types  of  edges. 
Hall  and  Mertz  also  reported  that  normalized  TM  bands  2  and  3, 
unnormalized  2  and  3,  the  4/3  band  ratio,  and  the  first  principal 
component  were  the  most  useful  in  automated  line  extraction. 


With  MSS  data,  MacDonald  et  al .  (1981)  reported  that  human 
interpretation  found  the  most  linear  features  on  Band  7  imagery, 
while  the  least  variation  between  three  human  interpreters  was 
found  using  Band  6  data.  It  is  also  recommended  that  cross 
polarized  radar  be  used  in  tandem  with  Landsat  data  whenever 
possible.  VH  synthetic  aperture  radar  aligned  orthagonal  to  the 
Landsat  illumination  was  found  to  be  the  best  combination  for 
small  linear  feature  detection. 

In  conclusion,  the  precise  location  and  Identification  of  walls, 
fences  and  hedgerows  on  satellite  imagery  is  still  very  much 
theoretical.  There  are  numerous  ongoing  studies  to  determine  the 
best  possible  way  to  extract  lines  from  an  image.  A  possible 
approach  for  locating  boundary  demarcations  using  shadow 
information  has  been  outlined  but  this  requires  either 
excessively  long  shadows  or  increased  spatial  resolution  data. 
There  is  no  strategy  known  that  even  approaches  operational 
status.  Much  research  still  remains  to  be  done  In  this  area. 
There  are  two  basic  difficulties:  the  subpixel  nature  of  the 
targets,  and  the  difficulty  in  classification  of  linear  objects 
that  do  not  possess  enough  pixels  to  allow  signature  extraction. 
Edge  classification  techniques  currently  being  developed  in 
artificial  intelligence  offer  the  best  approach  to  the  problem, 
but,  at  the  present  time,  there  has  not  been  any  association  of 
edge  types  with  specific  features  on  satellite  imagery. 
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4.7  LOOSE  SOIL 


It  is  difficult  to  define  loose  soil  such  that  it  would  be 
identifiable  with  remote  sensing.  This  difficulty  is  because  of 
the  variety  of  conditions  under  which  loose  soil  could  occur. 
Bare  soil  can  be  located  with  automated  image  processing  but  not 
all  bare  soil  is  loose  soil.  Since  loose  soil  is  frequently  a 
function  of  large  soil  size  particles  (sand  size  texture),  it  is 
to  a  considerable  extent  discussed  in  Section  4.8  on  sand.  This 
section  specifically  considers  loose  soil  areas  subject  to 
saturat  i  on . 


Saturation  of  the  topsoil  can  occur  for  a  variety  of  reasons. 

The  soil  can  be  subjected  to  river  valley  flooding,  snow  melting, 
rising  watertable,  or  rainfall.  All  of  these  conditions  can  lead 
to  saturated  soil.  If  the  soil  is  continually  or  frequently  in  a 
saturated  state,  then  the  area  can  be  called  a  wetland  (see 
Section  4.4).  This  section  is  concerned  with  the  recognition  of 
normally  dry  areas  subject  to  intermittent  periods  of  wetness 
causing  miry  conditions  and  inhibited  ground  movement. 

Most  studies  of  remote  sensing  for  soil  moisture  are  in  soil 
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identification,  agricultural  soil  moisture  estimation  and  the 
location  of  wetlands.  Wet  ground  appears  dark  on  both  natural 
color  and  infrared  photography  or  FCC  imagery  (Salomonson  et  al . , 
1983).  The  reflectance  curves  for  wet  versus  dry  soils  deviate 
most  sharply  between  0.57  and  0.75  micrometers  (Myers  et  al  .  , 
1983).  If  the  vegetation  coverage  dominates  the  image 
reflectance,  moist  ground  is  often  characterized  by  lush 
vegetation  that  is  dark  green  in  natural  color  and  bright  red  in 
the  infrared. 

Although  miry  ground  can  feasibly  be  identified  on  a  single  image 
(Tommervik,  1986),  it  is  highly  advisable  that  mu  1 1 i te mpora 1 
imagery  be  used  with  climatic  data  to  examine  both  wet  and  dry 
season  conditions.  Change  detection  techniques  can  then  be 
utilized  to  find  areas  that  are  intermittently  wet.  If  weather 
records  are  available,  then  an  image  can  be  obtained  that  follows 
a  period  of  heavy  rainfall. 

Millington  et  al .  (1986)  experimented  with  several  change 
detection  techniques.  In  this  study  of  playa  geomorphology,  TM 
band  7  ratioing  (band  7  from  two  different  dates)  worked  well  for 
the  identification  of  wet  ground.  The  third  principal  component 
image  also  revealed  areas  of  hydrologic  change.  Highly  localized 
areas  may  not  be  visible  with  these  processing  strategies:  rather 
the  change  detection  image  primarily  reveals  seasonal  changes. 

Tommervik  (1985)  reported  that  TM  and  SPOT  imagery  were  both 


about  equal  In  the  identification  of  Alpine  valley  mires.  The 
high  spatial  resolution  of  SPOT  compensated  for  the  high  spectral 
and  radiometric  resolution  of  the  TM.  Haas  and  Waltz  <1983) 
reported  that  TM  band  5  was  useful  in  the  identification  of  wet 
prairie  grasslands.  Wet  meadows  were  found  to  be  identifable 
with  few  errors  of  omission  except  when  located  in  dry  basins 
containing  agricultural  activities  (Koeln  et  al  .  ,  1985). 

In  areas  of  high  vegetation  and  rainfall,  it  may  be  difficult  to 
obtain  cloud  free  TM  imagery  for  dates  of  interest.  A  limited 
amount  of  information  about  ground  conditions  can  be  inferred 
from  change  detection  techniques  applied  to  coarse  spatial 
resolution  vegetation  index  Images.  A  study  in  Kenya  (van  der 
Brink,  1986)  used  a  normalized  difference  index  on  AVHRR 
multidate  imagery  (red  and  infrared  bands)  to  monitor  ephemeral 
stream  growth.  These  are  subpixel  sized  features  inferred  from 
the  growth  of  the  vegetation.  Imagery  was  used  for  rainy  and  dry 
periods  to  locate  these  streams.  Although  AVHRR  data  are  low 
resolution  (1.1  km),  the  floodplains  of  these  streams  were 
evident  in  the  processed  imagery.  The  high  temporal  resolution 
of  AHHRR  makes  it  an  attractive  sensor  for  large  scale  soil 
moisture  estimation  (Ormsby,  1981).  Heilkema  (1981)  used  AVHRR 
imagery  on  a  moisture  reconnaissance  of  desert  locust  breeding 
grounds . 

The  vegetation  change  noted  in  the  stream  study  by  van  der  Brink 
is  significant  because  it  indicates  that  the  ground  is  wet  in 
these  areas.  In  dry  areas,  vegetation  growing  on  miry  ground  may 
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<  be  the  only  vegetation  dense  enough  to  show  up  on  Landsat  imagery 

j  (Carter,  1982).  AVHRR  data  may  be  more  appropriate  for  heavily 

vegetated  areas  of  the  world  where  there  may  be  extensive  miry 
ground,  while  TM  or  SPOT  data  may  be  more  appropriate  for  dry  or 
mountainous  areas  where  miry  ground  is  expected  to  occur  on  a 
much  smaller  extent,  and  be  generally  associated  with  less 
vegetat i on . 

Thermal  remote  sensing  also  shows  promise  in  the  identification 
of  miry  areas.  Experiments  with  airborne  scanners  have  shown 
that  differential  cooling  rates  can  be  measured  between  wet  and 
dry  meadows.  Wet  meadows  are  cool  during  both  night  and  day 
measurements,  while  dry  meadows  become  hot  during  the  day. 

I  Thermal  measurements  taken  at  both  times  were  found  to 

discriminate  between  wet  and  dry  meadows  on  this  basis  (Haberl 
and  Stock,  1983).  This  technique  has  not  been  applied  to 
satellite  i  magery . 

Additional  information  about  potentially  miry  areas  can  be 
determined  with  the  aid  of  detailed  topographic  information. 

This  can  be  image  derived  (see  SLOPE,  4.1),  or  from  existing 
maps.  Geomorphology  often  determines  if  the  ground  can  be 
saturated.  More  mire  is  expected  in  floodplains  than  on  steep 
sloping  mountainsides.  Robinove  (1979)  showed  in  an  integrated 
terrain  classification  study  using  Landsat  imagery  in  Queensland 
that  a  high  correlation  exists  between  upland  areas  and  dry 
vegetation,  and  between  valley  areas  and  wet  vegetation.  Image 
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classifications  are  generally  improved  by  the  addition  of  terrain 
data  and  processing  time  can  be  reduced  (Likens  and  Maw,  1982). 
This  latter  benefit  occurs  because  large  areas  can  often  be 
"masked*  out  of  the  image  if  it  is  known  that  the  ground 
condition  could  not  exist  in  the  masked  area. 


An  integrated  GIS  approach  is  recommended  to  identify 
occasionally  miry  terrain.  Vegetative  indications  of  soil 
saturation  have  been  found  to  be  useful  to  identify  areas  where 
the  groundwater  is  near  or  at  the  surface.  Radar,  particularly 
L  band  (Benton  et  al.,  1983;  also,  see  WETLANDS,  4.4)  can 
identify  areas  of  standing  water  under  vegetative  cover.  Terrain 
data  indicates  where  miry  areas  can  be  logically  located, 
meteorological  data  can  provide  a  qualitative  estimate  of  the 
amount  of  recent  precipitation,  and  thermal  data  can  provide 
information  about  snow  melting.  All  of  these  input  data  sources 
are  useful  in  determining  if  a  local  area  is  miry.  Small  spatial 
resolution  data  are  not  as  important  as  temporal  or  radiometric 
resolution,  except  in  the  identification  of  very  small  miry 
areas.  Mul t i temporal  imagery  is  highly  important.  Historical 
imagery  can  show  maximum  and  minimum  ground  wetness  conditions. 
All  of  these  techniques,  particularly  if  included  into  a  GIS,  can 
indicate  possible  areas  of  saturated  soils.  However,  the 
definitional  problems  between  loose  soil,  saturated  areas, 
wetlands  and  sand  make  this  a  difficult  condition  to  reliably 
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4.7  SAND 


The  location  of  sandy  areas  from  satellite  imagery  is  generally 
not  considered  to  be  a  difficult  task.  One  reason  is  that  sand 
has  an  unusually  high  spectral  reflectance  for  natural  surface 
material.  It  is  not  as  highly  reflective  as  snow  or  clouds,  but 
in  all  visual  bands  it  is  enough  to  dominate  the  pixel 
reflectance  value  if  it  comprises  a  significant  portion  of  the 
pixel.  This  is  true  even  where  90-100  percent  of  the  pixel  is 
vegetation  (Satterwhite  and  Henley,  1982). 


In  addition  to  showing  a  high  spectral  reflectance,  sandy  areas 
are  generally  found  in  a  relatively  few  specific  environments 
such  as  deserts,  riverbanks  and  beaches.  Coastal  beaches  were  a 
separate  condition  in  Table  l  but  because  a  primary  identifying 


factor  of  these  environments  is  the  presence  of  sand  near  water, 
they  are  incorporated  into  this  section.  Gross  environmental 
clues  provide  information  about  where  sand  might  be  expected  and 
high  spectral  reflectance  in  the  visible  wavelengths  will 
identify  where  the  sand  actually  occurs.  Many  of  the 
environmental  clues  that  are  associated  with  sand  deposition  are 
themselves  relatively  easy  to  locate.  Lakes  and  waterways  have 
been  discussed  elsewhere  in  this  report.  If  larger  than  the  data 
pixel  sice  these  features  are  relatively  easy  to  delineate. 
Beaches  are  almost  invariably  associated  with  bodies  of  water  of 
image  size  greater  than  one  pixel. 

Because  of  the  high  spectral  reflectance  of  sand,  beach  areas  are 
very  obvious  even  on  coarse  resolution  MSS  Imagery.  Chong  et  al . 
(1983)  devised  a  modified  band  ratio  using  MSS  bands  5  and  7  to 
discriminate  beaches  and  roads  in  an  unsupervised  classification 
procedure.  A  false  color  composite  image  of  Florida  shows  clear 
and  nearly  continuous  beach  delineation,  even  where  the  beach  is 
considerably  less  wide  than  the  pixel  width  (USGS,  1973).  In  a 
study  using  TM  data,  all  bands  except  4  ( near- i n f rared )  and  6 
(thermal)  were  found  to  be  good  for  beach  identification  (Troiler 
et  al . ,  i 986) . 

In  automated  classification  procedures  coastal  roads  can  be 
confused  with  beaches  (Chong  et  al.,  1983;  Trofler  et  al.,  1986). 
Visually,  the  charac te r  1  s t  i  c  regular  linearity  of  roads  should 
discriminate  them  from  beaches.  Automated  road/beach 
discrimination  would  be  difficult  to  implement  using  spectral 


signatures  or  textural  measures,  because  most  linear  features  do 
not  present  enough  “pure*  pixels  in  the  image  to  be  amenable  to 
statistical  characterization. 


Although  the  subject  of  black  sands  has  not  been  found  in  the 
literature,  it  should  be  remarked  upon  that  all  sand  is  not 
uniformly  white  or  tan.  Some  sandy  beach  areas  may  not  appear 
with  the  clarity  that  white,  primarily  quartzitic  beaches  do. 
Black  basaltic  sand  can  be  found  on  beaches  in  direct  proximity 
to  volcanoes.  The  island  of  Hawaii  possesses  beaches  of  this 
type.  Any  analyst  of  sand  beach  areas  should  be  aware  that  these 
black  basaltic  sands  may  be  present  near  recently  active 
vo 1  canoes  . 


Deserts  are  also  relatively  easy  to  identify  on  remotely  sensed 
imagery.  On  standard  false  color  infrared  imagery,  there 
will  be  a  pronounced  lack  of  reddish  tones  on  the  imagery 
indicating  a  lack  of  vegetation.  The  question  in  desert  areas  is 
whether  the  image  consists  of  sand  or  rougher  desert  pavement. 
This  question  is  addressed  elsewhere  in  this  report  (see  SURFACE 
ROUGHNESS,  4.2).  Generally,  it  appears  that  even  in  high  albedo 
desert  areas,  sand  will  have  the  highest  albedo  of  the  scene 
components  and  appear  as  light  tan  to  white.  Schmidt  and 
Bernstein  (1978)  reported  that  rocks  of  high  sulfate  content  may 
be  confused  with  sandy  areas  but  other  contextural  data  such  as 
topography  or  the  presence  of  lineations  in  the  exposed  sulfate 
outcrops  may  be  used  to  discriminate  sand  from  the  sulfates. 


Additional  visual  clues  that  often  indicate  sandy  areas  are  the 

presence  of  dunes  in  the  image,  or  perceptible  localized 
“blurring"  of  boundaries  (Myers  et  al  .  ,  1983).  This  blurring  due 

to  migrating  sands  may  obscure  linear  features  that  are  visible 
and  continuous  elsewhere  on  the  image.  Medium  to  large  scale 
dune  fields  are  usually  recognizable  in  satellite  imagery;  a  good 
example  can  be  found  on  the  USGS  Landsat  image  mosiac  of  Tunisia 
(USGS,  1983). 

Radar  has  been  used  to  analyse  rapidly  changing  beach 
geomorphology  and  desert  environments.  Radar  is  probably  more 
useful  in  beach  sand  identification  and  morphology  than  in  the 
analysis  of  deserts  because  the  linearity  of  the  beach  structures 
can  be  relatively  easily  determined.  Optimal  radar  information 
extraction  requires  radar  image  data  from  a  platform  imaging 
perpendicular  to  linear  features.  For  longshore  dunes  this 
requires  a  side  scanning  radar  platform  moving  parallel  to  the 
beach . 

In  a  study  using  airborne  SAR  data,  many  small  transient  beach 
features  were  identified  including  inlets,  sandbars,  and  dune 
“blowouts*  where  the  linear  beach  dunes  had  been  swept  out  by 
winds  (Wedler  and  Taylor,  1984).  Wedler  and  Taylor  also 
indicated  that  X  band,  HH  polarized  radar  signals  provided  the 
best  overall  image  detail  but  C  band,  HH  polarization  radar  was 
inexplicably  better  for  the  identification  of  beach  foredunes. 

The  best  dune  delineation  occurs  when  the  radar  depression  angle 


approaches  the  angle  of  the  dune  faces. 

Radar  imagery  of  deserts  have  proved  considerably  more  difficult 
to  Interpret.  Some  information  can  be  determined  about  the 
texture  of  the  surface  (see  SURFACE  ROUGHNESS,  4.2).  In  the 
recognition  of  dune  fields  Huadong  et  al  .  (1986  )  reported  that 
the  geometry  of  the  dunes  is  a  dominant  factor  in  the  brightness 
shown  on  the  radar  image.  If  the  slipfaces  are  oriented 
perpendicular  to  the  radar  look  direction,  the  dunes  will  be  very 
bright  in  the  image.  Brightness  decreases  when  the  slipfaces 
move  away  from  this  orientation,  reaching  extinction  when  the 
dune  slipfaces  are  oriented  180  degrees  away  from  the  radar  look 
direction.  Therefore,  it  would  be  necessary  to  know  the 
predominant  orientation  of  the  dunefield  prior  to  radar  signal 
interpretation.  This  information  might  be  inferred  if  a 
predominant  wind  direction  is  known  from  meteorological  data. 

Dune  structure  is  variable  depending  upon  sand  availability  and 
the  amount  of  fluctuation  in  wind  direction.  If  local  wind 
direction  is  bimodally  distributed,  dunes  can  be  oriented 
linearly  parallel  to  mean  wind  direction;  if  wind  direction  is 
highly  variable,  then  nonlinear  ’star*  dunes  can  result  that  have 
no  preferred  orientation  (Fryberger,  1979).  To  identify  small 
dunefields  the  radar  look  direction  should  be  in  direct 
opposition  to  prevalent  wind  direction.  This  would  place  the 
slipfaces  (the  dune  side  away  from  the  wind  direction)  directly 
perpendicular  to  the  radar  look  direction  for  maximum 


backscatter . 


In  site  analysis  from  aerial  photography,  geomorphologists  have 
recognized  that  specific  features  can  assist  in  determining  the 
granularity  or  texture  of  the  surface  material.  V-shaped  gullies 
indicate  granular  soils  (Way,  1973).  The  angle  of  repose  of 
these  sands  (the  angle  of  the  gully  side  to  horizontal)  is 
generally  about  30  degrees  (Mlntzer  et  al.,  1983).  In  many 
regions,  drainage  density  is  related  to  the  coarseness  of  the 
surface  materials.  Sandy  areas  have  a  relatively  coarse  drainage 
network  because  precipitation  is  absorbed  rapidly  into  coarse 
grained  materials  (Williams  et  al . ,  1983).  Most  available  water 

sinks  directly  into  the  ground  water  table,  resulting  in  little 
surface  runoff  and  the  resultant  drainage  patterns. 

Some  knowledge  of  the  geomorphology  of  an  area  is  helpful  in  the 
recognition  of  sandy  areas.  Mintzer  et  al .  (1983)  qualitatively 
charted  how  the  maturity  of  a  watercourse  is  related  to  the 
particle  size  of  the  sediment  that  is  deposited  along  it's 
course.  Essentially,  "young’  or  immature  streams  and  rivers  are 
associated  with  coarse  sediments  while  mature  streams  and  rivers 
accumulate  much  finer  sediment  (clays  and  muds)  along  the  banks. 
Young  watercourses  have  high  slope  gradients,  relatively 
straight,  braided  stream  channels,  shallow  depth,  narrow 
floodplains,  and  proximity  to  source  areas.  Of  these 
characteristics,  braided  channels  and  narrow  floodplains  are  both 
easily  discriminated  visually  from  satellite  imagery.  Therefore, 
if  highly  reflective  (tan  to  white)  areas  are  observed  in  the 


false  color  composite  Image,  and  these  areas  are  In  the  proximity 

of,  and  roughly  oriented  in  the  direction  of,  a  ‘young"  stream  or 
river,  it  is  highly  likely  that  they  are  sandy  areas. 

No  great  difficulties  are  presented  in  the  spectral 
classification  of  sandy  beaches  along  coastlines  with  the 
possible  exceptions  of  dark  volcanic  sand  beaches  and  potential 
confusion  with  roads.  Of  these  two  problems,  roads  would  be  the 
most  important  because  of  the  relative  rarity  of  recent 
volcanoes  in  direct  proximity  to  beaches.  The  separation  of 
coastal  roads  from  beach  areas  presents  a  difficult  problem  from 
an  automated  viewpoint  but  Is  relatively  easily  resolved  by 
visual  examination,  particularly  If  linear  enhancement  filtering 
Is  applied  to  the  image.  Texture  differences  between  hard 
surface  roads  and  granular  beaches  might  also  be  seen  on  radar 
1  magery . 

Desert  sand  is  usually  indicated  by  dune  structures  and  high 
reflectance  material  in  all  but  TM  bands  4  and  6.  Radar  is  not 
advised  for  the  identification  of  local  sandy  areas  in  deserts 
because  of  the  slope  aspect  problem  associated  with  dunes. 

M 1 sclass  1  f  Icat  1  on  of  sulfate  bearing  rocks  (and  other  rocks  of 
very  high  albedo)  as  sandy  areas  could  present  some  problems,  but 
these  rocks  are  most  likely  to  be  rarely  observed  as  small 
patches  enclosed  In  a  much  more  massive  bedrock  exposure.  Unlike 
sands,  these  rocks  are  also  very  stable  in  any  mu  1 1 i te mpora 1  data 
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4.9  AGRICULTURE 


In  the  original  list  of  surface  conditions  (Table  1),  there  were 

several  variations  on  food  production.  These  conditions  included 
pasture,  mixed  cropland,  orchards  and  agriculture.  Because  these 
conditions  are  normally  spatially  contiguous  from  a  remote 
sensing  perspective  they  frequently  are  examined  together  and 
often  create  problems  of  separation  from  each  other.  For  this 
reason,  these  food  production  conditions  are  all  considered 
within  this  section. 

A  common  problem  with  these  cover  types  is  differentiating 
between  active  and  inactive  agriculture.  Frequently,  fields  and 
pastures  have  periods  of  inactivity  because  of  seasonality, 
agricultural  practices  such  as  a  fallow  period,  livestock 
migrations  such  as  transhumance  or  changing  land  use  patterns 
particularly  at  urban/rural  interfaces.  In  some  situations, 
these  periods  of  inactivity  are  periodic,  in  others  permanent. 
Areas  of  inactive  agriculture  are  extremely  difficult  to  reliable 
delineate  with  remote  sensing  techniques,  particularly  automated 
processing.  In  addition,  the  importance  of  locating  inactive 
agriculture  is  a  function  of  the  problem  being  considered. 

Pasture  is  a  very  difficult  land  use  to  classify.  This  is 
because  of  the  act i ve /  1  nact  i  ve  problem  and  also  because  of  the 
tremendous  variations  in  the  livestock  density  of  lands  being 
utilized  as  pasture  such  as  intensive  feedlot  and  extensive 
rangeland.  Mixed  cropland  can  be  defined  in  many  ways  such  as 


various  combinations  of  croplands,  orchards  and  pasture; 
heterogeneous  agricultural  fields  due  to  intercropping;  or  fields 
of  homogeneous  crops  but  where  adjacent  fields  may  be  different 
crops.  Because  of  these  various  definitions,  mixed  cropland  will 
not  be  discussed  as  a  separate  condition.  From  spaceborne 
remotely  sensed  data,  orchards  generally  appear  similar  to 
cropland  as  a  relatively  honogeneous  green  vegetation  spectral 
signature  depending  on  the  spatial  resolution  of  the  sensor  and 
the  crown  closure  of  the  trees.  For  this  reason,  orchards  will 
be  treated  as  essentially  another  crop  type. 

Areas  of  food  production  in  a  regional  sense  are  generally  known 
from  ancillary  data  such  as  climatic,  population  density  or  maps 
of  economic  geography.  More  specifically,  agricultural  areas  can 
be  generally  recognized  visually  from  spaceborne  imagery  by 
distinctive  land  use  patterns  associated  with  fields.  An 
exception  to  this  are  extensive,  generally  subsistence, 
agricultural  practices  in  areas  of  low  population  density  such  as 
tropical  rainforest  and  steppe  environments.  In  these  locations, 
the  existence  of  this  type  of  activity  could  be  extracted  from 
ancillary  information  but  site  specific  active  agriculture  might 
only  be  inferred  from  remotely  sensed  data.  This  possible 
indication  would  be  additionally  hampered  by  shifting  cultivation 
practices  which  would  necessitate  current  data.  While  there  are 
exceptions  as  noted,  generally  areas  of  food  production  can  be 
located  by  visual  analysis  of  remotely  sensed  data.  Automating 
this  process  may  be  possible  by  an  expert  system  or  artificial 


intelligence  approach.  A  more  difficult  task  than  locating  areas 
of  food  production,  and  the  focus  of  much  of  this  section,  is  the 
identification  of  specific  crops. 

An  extensive  review  of  the  literature  concerning  the 
identification  of  cropland  type  and  pasture  from  satellite 
imagery  has  led  to  the  conclusion  that  reliable  specific 
classification  of  these  areas  on  a  global  basis  will  be  a 
difficult  task.  Although  there  are  literally  hundreds  of  studies 
that  deal  with  the  classification  and  assessment  of  ground  cover, 
the  spatial  extension  of  mu  1 1 i spectral  classification  techniques 
from  original  study  areas  to  other  regions  is  an  unresolved 
probl e  m . 

The  reasons  for  this  difficulty  are  manifold  and  before  exploring 
some  techniques  that  have  been  applied  to  the  many  area  specific 
analyses  that  appear  in  the  literature,  it  will  be  useful  to 
consider  the  major  problems  that  have  been  encountered  in  the 
spatial  and  temporal  extension  of  mu  1 1 i spectra  1  signatures. 
Consideration  will  also  be  made  of  some  global  crop  and  field 
distribution  patterns. 

While  variations  in  climate,  terrain,  vegetation  and  land  use 
patterns  have  often  hindered  the  extension  of  mu  1 1 i spectral 
signatures  in  the  past,  it  is  increasingly  emerging  in  the 
literature  that  the  proper  consideration  of  these  site  specific 
variables  may  conversely  assist  in  the  classification  of  land 
cover  as  well  (De  Sachy  et  ai.,  1986).  The  integration  of  these 


factors  with  remotely  sensed  information  may  well  prove  to  be  an 


excellent  application  for  artificial  intelligence  or  GIS 


techniques  to  solve  a  problem  that  has  proved  to  be  relatively 


Intractable,  often  simply  because  of  the  great  amount  and  diverse 


types  of  data  that  need  to  be  used, 


While  much  research  has  been  published  concerning  the  remote 


sensing  of  agriculture,  unfortunately  most  of  the  studies  concern 


areas  in  the  United  States  where  the  major  crops  in  the  image  are 


generally  known  beforehand  and  good  ground  truth  is  readily 


obtainable  from  maps  or  recent  large  scale  aerial  photography. 


Thus,  many  studies  are  available  of  well  Inventoried  areas  of 


known  crop  distributions;  corn,  soybeans  and  wheat  are 


extensively  covered  in  the  literature.  For  taro,  rice,  potatoes. 


tea  and  many  other  crops  this  is  unfortunately  not  true.  In 


addition,  there  are  different  hybrids  of  most  crops.  Konijnenburg 


and  Irsyam  (1986)  identified  26  different  types  of  rice  in 


Indonesia.  In  Canada  and  Russia,  both  winter  and  spring  wheat 


are  planted.  These  hybrid  strains  possess  climatic,  locational. 


and  seasonal  differences.  Spectral  differences  from  satellite 


images  between  hybrids  are  seldom  addressed  in  the  literature 


A  related  problem  to  the  global  identification  of  crops  is  that 


usually  the  basic  methodology  of  agricultural  remote  sensing 


studies  has  relied  upon  aerial  photography,  ground  truth  and 


multilevel  sampling  schemes.  Few  efforts  have  used  only 


satellite  imagery  to  identify  crops  and  pasture  in  poorly  mapped 
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areas  of  unknown  crop  assemblages.  However,  in  any  attempt  to 
identify  agricultural  vegetation  worldwide,  many  instances  will 
be  found  where  there  is  limited  ancillary  data.  Globally,  there 


are  also  many  regions  where  ground  truth  is  simply  not  rapidly 
obtainable,  either  because  of  sheer  remoteness  or  because  of 
access  restrictions.  Before  examining  specific  remote  sensing 
agricultural  applications,  it  is  useful  to  review  variations  in 
agricultural  practices. 

4.9.1  GLOBAL  AGRICULTURAL  PATTERNS 

The  structure  of  regional  agriculture  systems  plays  an  important 
part  in  the  ability  of  spaceborne  sensors  to  determine  what  is  in 
a  particular  area.  The  township  and  range  system  of  the 
midwestern  United  States  is  perhaps  the  most  intelligible  land 
division  system;  the  square  pattern  is  clearly  visible  from  most 
types  of  orbital  imagery.  This  type  of  land  system  is  optimal 
for  mu  1 1 i spectral  analysis  because  the  fields  can  be  easily 
differentiated.  Consequently,  signature  extraction  training 
sites  are  easily  defined  and  a  classification  technique  can  be 
evaluated  in  a  preliminary  fashion  by  the  ability  of  the 
classifier  to  be  consistent  inside  the  delineated  fields. 

The  metes  and  bounds  system  of  land  division  found  in  the  earlier 
settled  areas  of  the  United  States  is  characterized  by  small. 
Irregular  parcels  of  land  that  usually  can  be  seen  oriented  to 
the  terrain.  Fields  in  these  areas  are  often  linear  along 
streams,  rivers,  and  mountain  valleys.  This  system  of  land 
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division  is  similar  to  what  is  found  in  much  of  Europe,  Africa, 
and  non-Communist  Asia.  It  is  indicative  of  agriculture  that  is 
controlled  at  the  family  or  village  level.  A  land  division 
pattern  of  this  type  Is  more  difficult  to  classify.  The  reduced 
number  of  pixels  per  field  and  the  increased  number  of  border 
pixels  results  in  signature  statistical  complexity.  In  areas  of 
very  small  fields  and  mixed  agricultural  practices,  field 
segmentation  into  discrete  crops  for  supervised  signature 
extraction  is  difficult.  Alternatively,  an  unsupervised 
classification  of  these  mixed  agricultural  areas  may  yield  far 
too  many  clusters  to  be  useful.  Areas  of  small  field  sizes  such 
as  normally  occur  in  tropical,  densely  populated,  developing 
countries  where  subsistent  agriculture  is  practiced,  create  many 
problems  for  spectral  classification.  These  problems  include 
complex  crop  calenders  where  a  single  crop  may  be  in  many  stages 
at  a  given  time,  and  heterogeneous  fields  due  to  intercropping 
and  other  similar  practices. 

In  the  Soviet  Union  and  some  other  Communist  countries, 
classification  is  considerably  eased  because  land  parcels  tend  t 
be  very  large  and  homogenously  cropped  as  a  result  of 
collectivization  of  the  land.  This  results  in  individual  fields 
that  are  clearly  visible  even  on  MSS  imagery  (O'Malley,  1983). 
Other  regions  that  would  normally  be  associated  with  small 
farming  parcels  can  also  have  large  areas  under  single  crop 
cultivation.  This  occurs  in  some  parts  of  Africa,  where  ex- 
colonial  plantations  are  now  operated  by  the  state  in  a 


collective  fashion  (Haack,  1986). 

Modernization  of  farm  practices  usually  leads  to  an  increase  in 
field  size.  Major  capital  investments  such  as  large  irrigation 
projects  or  the  introduction  of  farm  machinery  tends  to  promote 
the  homogenization  of  the  agricultural  landscape  by  moving  the 
farm  away  from  individual  management  into  agribusiness.  This  is 
an  ongoing  process  in  more  technologically  advanced  countries  of 
the  world. 

Larger  fields  facilitate  the  identification  of  crop  and 
pasturelar.d  because  there  are  more  “pure"  field  pixels  available 
for  statistical  analysis,  fewer  fields  are  present,  and  fewer 
crops  are  represented.  Field  size  will  also  determine  the  type 
of  data  that  can  be  used  to  obtain  a  reliable  analysis  of  the 
agricultural  land  use.  If  the  large  fields  of  the  collective 
farms  are  to  be  analysed,  then  low  spatial  resolution  MSS  data 
may  be  sufficient.  In  areas  of  small  fields,  TM  or  SPOT  data 
will  be  much  more  effective  (DeGlorla,  1983).  A  National  Academy 
of  Science  report  (1977)  on  the  capabilities  of  remote  sensing  in 
developing  countries  identified  a  threshold  of  60  pixels 
necessary  to  obtain  a  good  radiometric  measurement  of  a  field. 

Climate  type  should  also  be  known  prior  to  data  analysis.  Drier 
and  colder  climates  are  associated  with  fewer  crop  types,  more 
pasture,  and  shorter  growing  seasons.  These  attributes  result  in 
remotely  sensed  data  that  are  relatively  easy  to  classify 
mu  1 t 1  spectral  1 y .  Tropical  agriculture  can  be  extremely  difficult 


to  analyse  because  the  growing  season  is  essentially  year  round 
and  many  different  crops  can  be  grown.  Few  seasonal  or  climatic 
constraints  are  placed  upon  the  farmer  about  when  or  what  he  must 
plant;  consequently,  many  different  crops  at  many  different 
phenological  stages  are  often  present  at  the  same  time  in.  tropica 
areas  (Haack,  1986). 

The  climatic  regime  also  has  Impact  upon  both  the  short  and  long 
term  agricultural  variation  to  be  found  in  a  particular  area. 

High  latitude,  cold  environment  vegetation  is  relatively  stable. 
It  is  homogeneous  over  broad  areas  and  has  a  well  defined 
seasonality.  This  tendency  can  be  observed  with  winter  wheat  in 
the  Soviet  Union  or  Canada.  In  addition,  these  northerly  areas 
are  not  prone  to  land  use  change  from  year  to  year. 

Class i f icat ion  performed  for  one  year  will  very  likely  be 
applicable  to  other  years;  similarly,  available  land  cover/land 
use  maps  can  be  expected  to  be  reasonably  accurate,  even  if 
!  somewhat  dated.  Wet  tropical  environments  may  be  much  more 

subject  to  change;  consequently  historical  data  and  maps  may  not 
be  as  useful. 

In  summary,  the  cooler  and  the  more  technologically  advanced  the 
farming  practices  of  an  area  are,  the  easier  it  will  be  to  arrive 
at  a  reliable  mu  1 1 i spectra  1  classification  of  the  agriculture  in 

t 

the  image.  The  inverse  is  also  true.  This  trend  has 
implications  on  the  complexity  of  the  statistical  measures 
required  to  perform  the  analysis,  and  also  on  the  resolution  of 
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the  imagery  that  is  to  be  employed.  It  is  unfortunate  that  the 
tropical  areas  where  we  expect  to  experience  the  most  difficulty 
in  classification  also  tend  to  evidence  a  higher  amount  of  cloud 
cover,  reducing  the  total  imagery  available  for  a  particular 
site. 

From  the  above  discussion  of  some  of  the  considerations  that  must 
be  weighed  in  the  analysis  of  agricultural  scenes,  it  should  be 
apparent  why  classification  results  reported  in  the  literature 
can  vary  widely.  From  a  mu  1 1 i spectral  classification  viewpoint, 
corn  in  Kansas  is  not  corn  in  Russia;  and  corn  in  Nigeria  might 
also  be  very  different.  If  all  of  these  considerations  can  be 
welded  into  a  coherent  geographic  picture  of  a  particular 
landscape  and  integrated  into  mu  1 1 i spec tra 1  classification 
techniques,  then  the  capability  of  global  identification  of  crops 
and  pasture  might  be  attainable.  At  the  current  time,  no 
sufficiently  robust  analytic  model  has  been  put  forth  that  is 
capable  of  this  task. 

4.9.2  PASTURE  RECOGNITION 

One  of  the  most  recurrent  problems  in  remote  sensing  is  the 
failure  of  many  scientists  to  establish  a  clear  division  between 
what  is  actually  seen  or  measured  from  the  image  data  and  what 
inferred  about  the  scene  itself.  This  basic  division  of  'he 
information  extraction  process  is  very  important  in  the  v  • 
of  the  Earth's  surface  from  satellite  imagery;  the  f  .  r. 
difference  between  land  cover  and  land  use  mus'  b- 
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understood.  The  automated  classification  of  image  reflectance 
values  is  often  very  useful  in  the  determination  of  many  land 
cover  categories,  but  the  determination  of  land  use  is  largely  an 
inferential  process  (Smith,  1986).  Sometimes,  the  inference  is 
very  obvious;  if  rows  of  plants  are  observed  in  a  polygonal 
field,  then  obviously  this  land  is  being  used  for  agriculture. 
Unfortunately,  in  many  areas  a  land  use  classification  has  no 
such  obvious  interpretation  keys.  Also,  the  presence  of  useful 
keys  in  the  image  is  very  dependent  upon  image  date  and 
resolution  (both  spectral  and  spatial). 

A  good  example  of  this  interpretat ional  difficulty  is  the 
identification  of  pastures.  A  non-pasture  field  may  appear 
identical  to  areas  of  known  pasture  in  all  but  the  largest  scale 
imagery.  A  land  use  classification  category  like  pasture  rather 
than  a  more  easily  obtained  land  cover  grass  classification  may 
lead  to  difficulties.  If  a  grassy  field  is  classified  as  pastu- 
based  upon  spectral  similarity  to  known  pasture,  and  this 
designation  is  in  turn  transferred  to  a  map,  then  a  later  analyst 
with  no  knowledge  of  the  original  classification  methodology  may 
incorrectly  conclude  that  food  in  the  form  of  livestock  is 
available  in  this  area. 

There  are  many  examples  to  illustrate  the  importance  of  this  land 
cover/land  use  distinction  (Merchant,  1981;  Wilson  and  Thompson, 
1981).  In  the  midwestern  corn  belt  of  the  United  States,  fields 
are  allowed  to  lie  fallow  in  order  to  restore  the  soil  condition 
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after  a  period  of  intense  cultivation.  Since  fallow  fields  are 


frequently  planted  with  grass  or  alfalfa  that  is  subsequently 


plowed  under  to  increase  nitrogen  levels  in  the  soil,  it  would 


seen  reasonable  to  possibly  use  these  fields  as  pastureland  in 


the  fallow  periods.  On  a  remotely  sensed  image,  these  grassy 


fields  may  be  interpreted  as  pasture.  However,  in  some  areas  of 


the  midwest,  the  economy  is  not  based  upon  livestock  production. 


and  consequently  few  of  these  fields  are  utilized  as  pasture.  An 


analyst  must  be  aware  of  the  agricultural  practices  and  the 


economic  production  of  a  region  before  attempting  to  identify 


pastureland  with  remotely  sensed  data.  In  the  dairyland  state  of 


Wisconsin,  any  non-wooded,  non-cropped  land  is  very  likely  to  be 


used  as  pastureland.  However,  the  Delmarva  Penisula  of  eastern 


Maryland  primarily  produces  vegetables  and  fowl;  consequently. 


most  similar  land  remains  unused  as  pasture. 


The  difficulty  in  interpreting  pasture  from  remotely  sensed 


images  is  recognized  by  Anderson,  et  al  .  (  1976).  The  Anderson 


land  use  and  land  cover  classification  system  for  use  with 


remotely  sensed  data  has  achieved  wider  acceptance  in  remote 


sensing  than  any  other  classification  system.  A  significant 


aspect  of  this  classification  system  is  that  pasture  and  cropland 


are  grouped  together  at  the  Level  II  class.  Many  remote  sensing 


studies  indicate  that  Level  II  classification  is  the  most 


detailed  classification  that  can  be  reliably  achieved  with  high 


altitude  aerial  photography  or  space  Imagery  without  ground 


truth.  In  foreign  areas  of  poor  a  priori  knowledge.  Level  II 


classification  of  ground  cover  probably  is  the  best  that  can  be 
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done  without  complex  numerical  analysis  of  the  image  data  or  the 
inclusion  of  ancillary  data  to  partially  fulfil  the  role  of 
ground  truth. 


$ 

t 


In  addition  to  the  pasture/land  use,  versus  grass/land  cover, 
classification  difficulty  is  the  problem  of  the  variability  of 
land  covers  used  for  pasture.  Pastureland  can  be  defined  as 
ground  used  for  the  grazing  of  livestock;  but  in  various  regions 
of  the  world,  livestock  is  grazed  upon  very  different  kinds  of 
land.  In  the  eastern  United  States,  pasture  is  often  fallow 
fields  and  can  be  readily  recognized  in  large  scale  aerial 
photographs  by  a  number  of  clues  including  shape  (which 
identifies  the  area  as  a  field),  the  absence  of  field  crops 
(which  shows  that  the  land  is  not  actively  used  at  the  present 
time  for  production),  fences,  and  often  the  presence  of  grazing 
paths.  All  of  these  clues  are  a  function  of  these  pastures 
usually  being  well  vegetated  and  intensively  grazed.  Australian 
range  serves  as  sheep  pastureland  even  though  the  vegetation  is 
relatively  sparse.  These  Australian  pastures  are  what  most 
eastern  American  farmers  would  consider  to  be  too  arid  and 
unsuitable  for  animal  grazing.  So,  in  some  instances,  a  pasture 
is  an  intensely  grazed,  relatively  lush  fallow  field  or 
bottomland  while  in  other  cases,  a  pasture  is  a  relatively  arid 
and  sparsely  vegetated  rangeland  that  may  only  support  one  sheep 
per  500  acres.  These  two  types  of  areas  obviously  will  not  have 
the  same,  or  even  similar,  mu  1 1  i  spectral  signatures.  Thus,  in 
the  identification  of  pasture  1 ands ,  we  also  have  a  definitional 
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problem  with  pasture. 


In  this  study  pasture  will  be  divided  into  two  broad  types;  1) 
rangeland  used  for  grazing,  and  2)  delineated  areas  associated 
with  farms  that  are  used  for  grazing.  The  latter  category 
includes  river  bottomlands  and  hilly  slope  pastures  as  well  as 
fallow  fields  occasionally  used  for  grazing.  Additionally,  a 
pasture  will  be  considered  to  be  predominantly  grasses.  While 
the  above  classes  of  pastureland  cover  the  majority  of 
pasturelands  on  the  Earth,  It  should  be  borne  in  mind  that 
virtually  any  vegetated  land  can  be  (and,  somewhere  in  the  world, 
probably  is)  utilized  for  the  grazing  of  animals. 

These  definitional  problems  become  very  important  in  per  pixel 
classification  because  pasture  is  frequently  transitional  between 
organized  cultivation  and  sparse  vegetation  or  woodland.  Pasture 
is  often  an  example  of  the  "mixed  pixel"  problem  in 
classification  because  no  single  vegetation  type  dominates  the 
pixel  reflectance  value.  An  individual  pasture  pixel  may  include 
green  grasses,  an  old  field  in  transition  to  brush,  and  part  of 
of  a  neighboring  irrigated  field.  Farmers  in  the  densely 
populated  Far  East  will  graze  water  buffalo  upon  sub-pixel  areas 
unused  for  other  purposes,  including  roadsides  and  rice  paddy 
dikes.  In  the  latter  case,  it  is  highly  doubtful  that  a 
classification  of  pasture  can  be  assigned  to  aqy  single  area  of 
the  image  because  grazing  is  a  secondary  land  use  superimposed 
upon  a  primary  use.  The  vegetation,  road  and  field  patterns  can 
be  expected  to  only  reflect  the  primary  land  use. 


! 


Because  delineated  pasture  fields  are  usually  in  close  proximity 


to  croplands,  it  is  difficult  to  discuss  one  without  involving 


the  other.  In  general,  past  work  in  the  classification  of 


pasture  using  remotely  sensed  Imagery  has  been  approached  largely 


as  a  problem  of  differentiating  pasture  from  actively  producing 


crop  fields.  In  areas  where  fallow  fields  are  used  for  pasture. 


it  is  important  to  realize  that  this  is  a  temporal,  and  most 


likely  an  annual,  phenomenon;  last  year's  crop  fields  can  be  this 


year's  pasture.  This  is  more  of  a  problem  in  mid  and  low 


latitude  moist  climates  where  vegetation  is  more  active  and 


consequently  land  use/land  cover  is  less  temporally  stable. 


Short  term  temporal  changes  can  also  be  seen  in  areas  where  the 


location  of  grazing  can  change  with  the  season.  In  a  study  of 


the  Sudd  in  Sudan,  Yath  and  van  Gils  (1986)  classified  grasslands 


as  seasonal  pasturage  where  a  "wave"  effect  can  be  seen  between 


the  upland  wet  season  pasturelands  and  the  river  valley  dry 


season  pastures.  East  (1965)  termed  this  migratory  practice 


transhumance *  and  identified  it  as  primarily  being  found  In 


primitive  or  poor  cultures.  As  cropping  becomes  established  in 


an  area,  transhumance  is  reduced  by  the  introduction  of  stored 


animal  feed. 


In  crop  classification,  mul 1 1  temporal  data  frequently  improves 


classification.  A  simple  differentiation  of  soybeans  and  wheat 


in  Iowa  determined  that  crop  classification  accuracy  can  approach 
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100  percent  using  6-date  TM  imagery  (Pitts  et  al.,  1983). 

Several  studies  have  also  specifically  identified  the  importance 
of  imagery  dates  when  attempting  to  recognize  pasturelands . 
Gillespie  et  al .  (1986)  reported  consistent  confusion  in  spectral 
classification  between  hay  (a  harvest  crop)  and  pasture  fields  in 
a  TM  analysis  of  an  autumn  Connecticut  scene.  It  was  felt  that 
plant  senescence  (the  onset  of  old  age  and  brownness)  results  in 
homogenizing  of  the  spectral  signatures  of  these  land  covers  at 
this  time  of  year. 

Troiler  et  al.  (1986)  experienced  similar  difficulties  in 
classifying  pasturelands  near  Rochester,  New  York  using  July  TM 
imagery.  In  this  study  a  later  date  was  recommended  when  other 
crops  have  been  harvested.  This  would  leave  only  bare  harvested 
fields  and  pasture  in  the  scene,  considerably  easing  the 
mul t l spectral  classification  problem.  Proper  date  selection  or  a 
mu  1 1 i temporal  classification  strategy  may  be  necessary  to 
identify  pasture  but  the  exact  dates  to  use  in  the  classification 
may  be  difficult  to  identify.  Historical  data  could  be  utilized 
but  it  must  be  borne  in  mind  that  short  term  weather  will  be  the 
driving  force  behind  both  plant  emergence  and  senescence. 

Some  studies  have  used  single  image  analysis  for  pastures  with 
good  success.  In  a  visual  interpretation  study,  Troiler  et  al  . 
(1986)  determined  that  pasture  is  best  discriminated  visually 
using  TM  band  combination  3,5,4.  Miller  et  al .  (1985)  reported 
that  pastureland  could  be  discriminated  from  alfalfa  and  grain 
stubble  fields  in  California's  San  Joaquin  Valley.  This 


classification  was  performed  without  mul t i temporal  coverage 


With  the  exception  of  harvested  grain  fields,  pasturelands  had 


the  highest  reflectance  in  TM  band  5  of  all  crops  present  in  the 


scene.  The  harvested  fields  were  differentiated  from  the 


pasturelands  because  they  were  much  more  reflective  in  the 


visible  bands.  TM  band  4  was  found  to  be  useful  in  agricultural 


crop  identification,  but  alfalfa  fields  were  similar  to  pastures 


in  this  band.  Graphs  accompanying  this  report  show  a  high 


variance  of  the  pasture  pixels,  particularly  in  band  5. 


Miller's  (1985)  determination  that  TM  bands  4  and  5  are  most 


useful  in  the  identification  of  grassy  pastures  is  supported  by 


other  studies.  Troiler  et  al .  (1986)  and  Haas  and  Waltz  (1983) 


found  that  band  5  was  best  for  grassland  and  range  evaluation. 


Riechert  (1984)  reported  that  the  TM  bands  5/4  ratio  was  good  for 


crop,  bottomland,  and  rangeland  classification. 


The  U.S.  Dept,  of  Agriculture  routinely  performs  detailed  land 


use  classification  based  upon  aerial  photography.  Satellite 


Images  are  also  used  to  stratify  the  area  under  Investigation. 


In  this  procedure,  pasturelands  are  identified  by  "a  spotty  pale 


red  appearance*  in  the  standard  FCC  satellite  image  (Good,  1986) 


This  description  is  similar  to  that  appearing  in  the  USGS  land 


use/land  cover  photo  interpre tat i on  keys  (Loelkes  et  al,  1984) 


These  identifying  characteristics  of  pale  color  (low  vegetation 


reflectance)  and  spottiness  are  because  much  of  the  pastureland 


associated  with  farms  in  the  United  States  is  non- i  rr  i  gated , 
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usually  not  fertilized,  and  often  possesses  a  variable  amount  of 
trees.  The  lack  of  water  and  nutrients  together  with  grazing 
pressures  results  in  a  CIR  photo  or  standard  FCC  image  with 
vegetation  redness  less  than  that  of  nearby  cultivated  fields  or 
forests.  Similarly,  Mueller  et  al .  (1985)  found  that  the 
infrared  reflectance  of  pasturelands  in  Florida  was  between  that 
of  bare  soil  (very  low  IR  reflectance)  and  the  surrounding  pine 
plantations  (high  IR  reflectance).  The  presence  of  some  trees 
and  variable  water  availability  (causing  irregular  vegetation 
patterns)  leads  to  the  spotty  texture.  However,  it  is 
significant  that  USDA  workers  make  no  attempt  to  determine  if  the 
land  parcel  is  actually  used  as  pasture;  land  is  classified  as 
pasture  only  on  the  basis  that  it  could  reasonably  serve  as  such 
(Good,  1986). 


Several  sources,  including  the  USDA  and  Troiler  et  al  .  (  1986), 
report  that  pasture  areas  are  easily  confused  with  tended  grass 
areas  such  as  parks  or  parcels  of  land  surrounding  farm  houses. 
This  problem  stems  from  the  land  cover  and  land  use  inference 
difficulty.  Caution  is  therefore  indicated  when  interpreting 
pastureland  in  the  immediate  vicinity  of  human  settlement. 


Grass  areas  are  often  best  identified  early  in  the  growing  season 
before  full  crop  development  (Ripple,  1986).  Grass  usually 
emerges  and  becomes  green  before  almost  all  other  plants  but 
later  in  the  season  the  grass  reflectance  can  be  overwhelmed  by 
nearby  plants  with  much  larger  LAI  (Leaf  Area  Indexes)  and 
consequently  much  higher  IR  reflectances.  A  possible  approach  to 
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mul  t  i  temporal  classification  of  grassy  areas  mi-ght  be  a 
delineation  of  the  grasslands  in  an  early  season  scene;  this 
delineation  could  be  used  to  refine  the  classification  via  image 
differencing  of  a  late  season  image  that  would  show  the  harvested 
grasslike  crops  (alfalfa  or  hay)  as  bare  or  stubbled  soil.  Areas 
within  a  specified  radius  of  dwellings  could  also  be  masked  out. 
In  this  fashion,  farmyard  areas  and  harvestable  hay  fields  might 
be  discriminated  from  unharvested  grassy  areas.  It  will  still  be 
difficult  to  ascertain  if  these  grassy  areas  actually  contain 
1  i  vestock . 


Another  pasture  recognition  approach  based  on  seasonality  was 

suggested  by  Howes  (  1984)  utilizing  mu  1 1 i temporal  images  of  the 

Nicaraguan  savanna.  This  study  reports  that  the  optimal  image 

date  for  class i f icat ion  can  vary  as  much  as  a  month  due  to 

climatic  fluctuations.  An  interesting  finding  in  this  study  is 

that  near  the  end  of  the  wet  season,  pastures  located  on  thin, 

dryer  topsoils  lose  their  infrared  spectral  reflectance  a  few 

weeks  earlier  than  croplands  on  thicker,  moister  soils. 

Therefore,  pasturelands  can  possibly  be  Identified  by  a 

comparison  between  wet  season  and  end  of  wet  season  data.  This 

approach  might  be  very  valuable  in  the  lower  latitudes  where 

field  delineations  are  generally  much  more  difficult  to  determine 

due  to  consistently  lush  and  highly  reflectant  vegetation  across 

% 

the  entire  landscape. 


In  higher  latitudes,  it  may  be  easier  to  obtain  good  pasture 
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classifications.  A  study  of  vegetative  land  cover  near  Green 
Bay,  Wisconsin  obtained  85  percent  accuracy.  This  study  used 
only  a  TM7/TM5  ratio  procedure  in  an  unsupervised  classification 
(Lo  et  al.,  1984).  Suprisingly,  poorer  results  were  obtained  for 
the  same  data  set  when  a  tasseled  cap  transformation  was 
employed.  It  is  speculated  that  the  transformation  of  the  data 
set  resulted  in  too  many  spectral  clusters.  Essentially,  the 
complexity  of  the  information  made  available  by  the  tasselled  cap 
technique  grossly  exceeded  the  level  of  information  needed  to 
classify  a  relatively  simple  landscape. 

These  results  suggest  that  land  cover  classification  in  areas  of 
relatively  simple  landscape  may  be  best  done  with  coarser  spatial 
resolution  MSS  data.  If  there  are  only  a  few  major  cover  types 
in  a  specific  area,  then  the  inherently  higher  variance  in  TM 
data  (Crist,  1984)  might  prove  to  be  a  hindrance  rather  than  a 
help  in  automated  classification.  Using  TM  or  SPOT  imagery  in  an 
unsupervised  classification  may  result  in  numerous  spectral 
clusters  that  do  not  reflect  significant  ground  cover 
d 1 f  f erences . 

The  use  of  MSS  to  classify  simple  landscapes  is  supported  by 
Merchant  and  Roth  (1981).  In  a  classification  of  Kansas 
grasslands,  85  percent  accuracy  was  achieved  in  determining 
ground  cover.  The  classes  employed  In  this  study  were  woodland, 
bare  ground,  and  25,  50,  75,  100  percent  grass  covered.  If 
precise  field  delineation  is  required,  then  TM  or  SPOT  data  might 
still  be  required  for  edge  definition. 


Although  the  increased  TM  within  field  variance  can  be  more 


complex  than  needed  for  simple  landscape  classifications,  it  can 


conversely  aid  classification  accuracy  by  providing  additional 


information  about  complex  and  difficult  to  classify  scenes.  Haas 


and  Waltz  (1983)  reported  that  variance  was  increased 


approximately  10  percent  in  the  TM  compared  to  MSS  data  for  both 


cropland  and  grazed  rangeland.  This  increased  variance  can  lead 


to  improved  evaluation  of  crop  and  grassland  conditions  such  as 


total  amount  of  ground  cover. 


One  way  that  the  image  relectance  components  of  soil  and 


vegetation  can  be  separately  analysed  is  by  use  of  the  Knauth- 


Thomas  Tasseled  Cap  transformation.  In  this  procedure,  the  image 


reflectance  values  are  rotated  through  n-d i mens  I onal  spectral 


space  onto  another  set  of  axes  by  use  of  a  sensor  specific 


formula.  No  data  are  lost  because  the  coordinate  system  is 


merely  reoriented.  This  new  set  of  axes  is  oriented  so  that 


vegetation  reflectance  (the  greenness  component)  is  orthogonal  to 


the  soil  reflectance  (the  brightness  component).  This  90  degree 


separation  of  reflectance  components  theoretically  maximizes  the 


separability  of  the  two  components  prior  to  further  analysis,  and 


thus  the  evaluation  of  the  vegetation  by  itself  is  simplified. 


An  additional  benefit  is  that  computer  data  handling  and  storage 


requirements  are  lessened  by  the  reduction  in  data 


dimensionality.  The  tasseled  cap  transformation  has  different 


coefficients  that  rotate  the  data  onto  the  appropriate  axes  for 
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both  MSS  and  TM  (Jensen,  1986).  However,  some  work  suggests  that 
the  soil  brightness  axis  may  be  a  series  of  soil  line  segments  of 
different  slopes.  The  line  segment  slope  may  be  dependent  upon 
the  soil  type  of  the  region  under  analysis  (Huete  et  al . ,  1986). 
If  this  is  true,  then  careful  image  segmentation  is  recommended 
prior  to  grassland  evaluation  using  the  tasseled  cap 
trans  f  ormat i on . 

Rangeland  areas  used  for  pasture  have  been  reported  to  be 
identifiable  on  satellite  imagery.  Several  studies  have 
indicated  that  rangeland  useage  may  be  feasibly  determined  by 
differences  in  spectral  reflectance  between  areas  that  have  been 
grazed  and  those  that  have  not.  Robinove  (1979)  using  MSS  data 
noted  differences  between  grazed  and  ungrazed  arid  Australian 
rangelands  on  dry  season  imagery.  Klumph  and  Adams  (1985) 
discuss  how  the  Alberta  Public  Lands  Division  utilize  special 
"rangeland  enhanced"  satellite  image  products  to  study  the 
condition  of  the  range;  from  these  enhancements  grazed  land  may 
be  distinguished  from  ungrazed  land. 

Klumph  and  Adams  (1985)  indicate  that  the  absence  of  "litter"  on 
the  ground  in  grazed  areas  leads  to  noticable  textural 
differences  on  the  Landsat  imagery.  Thus,  texture  is  indicated 
as  a  primary  clue  in  the  automated  recognition  of  actively  grazed 
areas.  This  is  supported  by  the  USGS  pho to i nte rpre ta t i on  guide 
(Loelkes  et  al ,  1983)  specifying  spotty  appearance  as  an 
interpretation  key  to  pasture  identification.  Mueller  et  al. 
(1985)  found  that  pastures  were  visually  identifiable  in  a  study 


of  Northern  Florida  by  a  distinct  rough  texture  apparent  in  TM 
bands  1,  2  and  3.  The  study  by  Miller  et  al .  (1985)  of  the  San 
Joaquin  Valley  cited  previously  had  similar  observations. 

If  texture  differences  are  present  between  grazed  and  ungrazed 
range,  then  this  characteristic  might  be  useful  on  a  global  basis 
for  the  discrimination  of  range  used  as  pastures.  This  technique 
might  be  particularly  useful  in  third  world  regions  because  land 
management  practices  have  often  not  been  implemented  to  prevent 
overgrazing.  In  some  third  world  countries,  grazing  pressure  may 
be  due  to  either  livestock  or  wildlife  and  could  probably  not  be 
separated  without  ground  truth  or  supporting  ancillary 
informat  ion . 

The  use  of  texture  measures  to  analyse  rangeland  will  require 
prior  segmentation  of  the  image  into  relatively  homogeneous 
areas.  This  will  reduce  rangeland  variance  due  to  non- vege tat  i  ve 
factors  and  allow  the  histogram  stretched  values  to  primarily 
show  very  small  changes  in  the  range.  Therefore,  an  initial 
segmentation  must  be  performed  so  that  rangeland  is  separated 
from  non-rangeland.  The  masking  of  crop  fields  prior  to  pasture 
classification  is  excellently  discussed  in  Miller,  et  al  .  (  1985). 
Also,  from  the  studies  by  Huete  et  al .  (1984)  and  Ezra  et  al . 
(1984)  cited  earlier,  areas  of  different  soil  type  would  probably 
need  to  be  analysed  separately.  With  such  factors  as  different 
vegetative  regime  and  regional  soil  type  accounted  for,  texture 
measures  can  then  be  applied  to  the  apparently  homogenous 


rangeland.  Examination  of  the  second  order  statistics  of  the 
rangeland  may  reveal  a  bimodal  distribution  of  interpixel 
relationships  within  this  visually  homogeneous  rangeland  if  part 
of  the  range  is  used  as  pasture. 

In  arid  range  areas,  difficulties  may  be  encountered  in 
determining  if  vegetation  is  present  to  any  significant  degree. 
Some  soils  can  have  reflectances  that  are  very  similar  to  the 
reflectances  of  non-green  plants  such  as  senescent  grasses. 

These  areas  may  actually  be  sparse  pasturelands  and  afford  some 
degree  of  vegetation  cover. 

Satterwhlte  <1984)  attempted  to  address  this  problem  for  arid 
sites  in  Nevada.  Analysis  of  only  TM  infrared  bands  may  not  be 
sufficient  because  brown  or  grey  vegetation  (grass  or  brush)  does 
not  offer  sufficient  infrared  reflectance  to  differentiate 
vegetated  from  non- vege tated  lands.  Satterwhite  reported  some 
success  using  different  combinations  of  visible  band  and  near  IR 
band  ratios  to  identify  sparse  vegetation.  A  visible  red/near  IR 
band  ratio  proved  to  be  the  most  effective  in  differentiating 
yellow-green  vegetation.  Near  IR/visible  band  ratios  were  also 
well  correlated  with  the  amount  of  ground  cover.  Band  ratios 
quickly  stratified  the  scene  into  color  types;  the  image  could  be 
segmented  into  bare  soil,  yellow,  and  green  vegetation  with 
relative  ease.  This  could  be  an  effective  "first  look"  technique 
to  quickly  stratify  a  scene  prior  to  textural  or  other  In-depth 
analysis.  Satterwhlte  stated  that  some  grey  vegetation  was  not 
detected  on  dark  soils  nor  was  senesced  vegetation  in  gravelly 


areas 


An  alternative  approach  to  optimizing  rangeland  information  is 
the  use  of  more  complex  vegetation  indices  than  simple  ratios.  A 
number  of  such  vegetation  indexes  are  available.  A  good  review 
of  exactly  how  they  may  be  calculated  from  the  image  data  is 
found  in  Jensen  (1986).  Miller  et  al.  (1985)  effectively 
assessed  pasture  canopy  using  the  Transformed  Vegetation  Index 
(TVI)  of  TM  bands  3  and  4.  A  good  review  of  different  indices 
used  with  success  for  arid  land  and  rangeland  vegetation  studies 
can  be  found  in  McCoy  (1981).  Five  different  indices  including 
the  TVI  had  correlation  coefficients  of  approximately  .86  with 
leaf  area  index.  Vegetation  indices  can  be  indicative  of  actual 
ground  cover  but  the  exact  date  of  the  imagery  remains  the  least 
understood  variable  in  rangeland  evaluation  using  only  remotely 
sensed  Imagery. 


Potential  pasture  areas  can  frequently  be  determined  by  automated 
land  cover  classifications.  However,  if  potential  pasture 
currently  contains  livestock  is  unlikely  to  be  determined  from 
remotely  sensed  data.  Because  of  the  large  variability  in 
grazing  practices  and  lands  utilized  for  grazing,  the  location  of 
potential  pasture  areas  should  be  attempted  on  a  region  specific 
basis  and  will  be  most  successful  where  ancillary  information 
exists  on  livestock  practices. 


34-124 


4.9.3  CROP  IDENTIFICATION 

Although  agricultural  field  patterns  are  readily  evident  on  all 
high  or  medium  resolution  satellite  imagery,  the  exact  contents 
of  a  particular  field  are  difficult  to  ascertain  without  ground 
truth.  Classification  based  only  upon  matching  the  spectral 
reflectance  of  crops  at  a  particular  time  to  known  signatures  has 
generally  been  found  to  yield  insufficient  accuracy.  Other 
factors  such  as  soil  brightness,  atmospheric  conditions,  and  the 
exact  phenological  stage  of  the  plants  at  the  time  of  imaging 
have  been  found  to  alter  the  spectral  reflectance  of  any 
particular  crop  to  the  extent  that  no  constancy  exists  between 
the  same  type  crop  fields  in  different  regions  and  at  different 
times  (Myers  et  al . ,  1983). 

In  visual  interpretation,  the  identification  of  crop  types  on 
remotely  sensed  imagery  begins  with  the  acquisition  of  climatic 
and  seasonal  data.  The  primary  crops  are  identified  and  crop 
calenders  are  compiled  that  show  the  planting,  growth,  and 
harvesting  times  of  each  crop  (Avery,  1985).  The  analyst  is  then 
cognizant  of  emergence  and  harvest  patterns  of  the  major  crops. 
With  this  information,  the  analyst  can  examine  imagery  of 
different  periods  during  the  growing  season  and  identify  the 
crops  from  their  chronological  phenology.  This  can  be 
accomplished  with  single  date  Imagery  if  the  date  of  image 
acquisition  Is  well  chosen. 

This  basic  methodology  is  operationally  performed  with  small 
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variations  for  both  airborne  and  satellite  imagery.  For  domestic 


sites,  most  of  these  steps  are  not  particularly  difficult  because 


the  analyst  is  often  very  knowledgable  about  the  expected  crop 


assemblages  and  distributions.  The  Department  of  Agriculture  and 


individual  county  agricultural  offices  can  be  called  to  clarify 


particular  questions  about  planting  and  harvesting  dates  and 


Information  is  readily  obtained  about  the  past  production  of 


different  areas. 


Much  of  this  knowledge  will  not  be  available  for  foreign  areas 


Without  ground  truth,  and  without  a  good  knowledge  of  the 


assemblage  of  crops  and  vegetation  present  in  the  scene,  the 


analyst  is  faced  with  severe  difficulties  in  Identifying  crop 


types.  At  the  present  time,  this  cannot  be  done  reliably 


using  only  satellite  data. 


Considerable  effort  has  been  expended  to  automate  the  crop 


recognition  process  so  that  reliable  statistical  estimates  of 


crop  production  can  be  obtained  over  broad  areas.  It  would  seem 


fundamental  that  accurate  field  recognition  is  prerequisite  to 


accurate  crop  production  estimates  but  this  is  not  necessarily 


the  case.  Crop  estimates  can  accept  some  degree  of  error  in 


field  identification  as  long  as  it  is  predictable.  It  is 


satisfactory  that  only  a  certain  percentage  of  fields  are 


identified  from  the  remotely  sensed  data,  because  the  identified 


acreage  (the  dependent  variable)  is  statistically  regressed  onto 


final  production  (the  Independent  variable)  in  order  to  obtain  a 
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predictive  model.  Regional  crop  prediction  does  not  directly 
address  the  problem  dealt  with  in  this  study:  the  accurate 
recognition  of  individual  crops.  However,  crop  recognition 
algorithims  developed  for  regional  agricultural  assesssments  may 
be  applicable  for  specific  pixel  or  field  recognitions. 

Possibly  the  most  extensive  investigation  of  global  crop 
recognition  and  evaluation  strategies  has  been  a  series  of  United 
States  funded  projects  for  operational  useage  of  satellite  data 
to  Identify  and  predict  yields  for  specific  crops  over  broad 
geographical  areas.  CITARS,  terminating  in  1975,  was  developed 
to  compare  different  techniques  of  automated  crop  discrimination 
using  MSS  data.  The  target  crops  were  corn  and  soybeans  and  the 
test  sites  were  primarily  in  Illinois  and  Indiana.  A  maximum 
classification  accuracy  of  75  percent  was  obtained  with  late 
August  data  when  the  crops  had  attained  full  canopy  and  when 
within  field  variance  was  lowest.  For  this  data  set,  the  best 
classifier  used  a  single  representative  signature  for  each  crop 
and  not  multiple  training  sites.  This  study  also  demonstrated 
the  failure  of  signature  extension  to  other  areas.  When  the 
recognition  algorlthim  was  used  in  other  test  areas,  a  22  percent 
loss  of  accuracy  was  Incurred  (Myers  et  al  .  ,  1983). 

The  Large  Area  Crop  Inventory  Experiment  (LACIE)  attempted  to 
evaluate  agricultural  production  of  wheat  over  wide  areas  of  the 
Soviet  Union  and  the  United  States.  Crop  identification  was 
achieved  through  a  supervised  classification  where  analysts 
(using  mu  1 1 i te mpora 1  imagery  and  ancillary  data)  labelled 


approximately  100  pixels  per  scene  as  wheat;  approximately  40  of 
these  pixels  were  subsequently  used  for  training  statistics.  The 
remaining  unused  pixels  designated  by  the  analyst  were  used  to 
test  the  maximum  likelihood  classifier  prior  to  use  over  the 
whole  image.  Although  useful  aggregate  agricultural  figures  were 
produced  from  LACIE,  no  information  was  found  that  analyses  the 
per  pixel  accuracy  of  wheat  identification. 

The  AGRISTARS  program  was  created  in  1980  to  expand  LACIE 

developments  into  evaluation  of  five  more  crops:  barley,  corn, 

rice,  cotton,  and  soybeans.  AGRISTARS  sought  to  further  automate 

the  crop  identification  process  over  a  greater  extent  of  the 

earth.  Initial  AGRISTARS  classification  of  croplands  was 

executed  using  a  conventional  supervised  classification  process 

similar  to  that  employed  in  LACIE.  An  unsupervised  clustering 

classification  was  developed  to  replace  this  process  early  in  the 

program.  This  algorithim,  termed  CLASSY,  was  used  to  delineate 

different  types  of  crops  on  single  date  imagery.  A  notable 

feature  of  CLASSY  was  that  only  the  interior  of  the  fields  were 

used  for  the  classification.  The  use  of  interior  pixels  greatly 

reduced  the  mixed  pixel  problem  found  along  field  edges. 

Consequently,  the  interiors  provided  a  more  representative 

statistical  data  set  for  individual  crop  classification  (NASA, 

1981).  This  procedure  is  relatively  easy  to  implement 

% 

automatically  if  edge  information  can  be  extracted  from  the 
image;  essentially,  it  is  the  reverse  of  conventional  line 
thinning. 


A  number  of  other  interesting  methods  and  results  were  reported 
by  AGRISTARS  researchers.  A  model  was  created  of  seasonal 
changes  in  plant  reflectivity  so  that  the  CLASSY  algorithim  could 
be  extended  into  mu  1 1 i te mporal  classification.  This  model  fitted 
a  bell-shaped  curve  to  the  image  reflectance  of  a  particular 
field  as  charted  over  time.  Decision  parameters  for  crop 
identification  were  the  maximum  peak  value  (corresponding  to  crop 
growth  climax),  the  time  of  this  peak  value,  and  the  inflection 
points  of  the  fitted  curve  to  either  side  of  the  peak  value. 

These  Inflection  points  were  thought  to  roughly  correspond  to 
initial  greening  of  the  plant  and  plant  senescence.  This  model 
was  found  to  work  well  <86  percent  accuracy)  in  the 
identification  of  five  different  crops  for  a  test  site  in 
Argentina  (NASA, 1982). 

AGRISTARS  also  reported  that  generally  mixed  croplands  can  be 
characterized  as  either  small  grain  assemblages  or  not  small 
grain  assemblages.  This  is  important  for  scene  characterization 
prior  to  class i feat  i  on .  Different  bands  of  the  MSS  were  reported 
to  be  better  for  different  crops;  no  single  band  or  band 
combination  was  found  to  be  to  be  optimal  for  all  crop 
identifications.  Band  4  discriminated  corn  from  soybeans,  while 
band  5  was  best  to  identify  late  planted  corn.  Overall,  MSS  bands 
5  and  7  were  the  most  useful  In  crop  identification  (NASA,  1983). 

Evaluations  of  TM  Simulator  (TMS)  data  were  also  undertaken  as 


part  of  AGRISTARS.  The  principal  components  transformation  of 


the  TMS  data  showed  that  components  1  and  2  were  roughly 


equivalent  to  greenness  and  brightness  indexes  derived  from  MSS 


data.  The  TMS  data  had  the  additional  benefit  of  reducing  the 


mixed  pixels  in  the  scene  by  a  3:1  ratio.  Classification  of 


crops  using  TMS  bands  1,2,3,  and  4  provided  the  best  accuracy  of 


any  combination  of  TMS  bands.  This  combination  had  a  crop 


Identification  accuracy  of  between  75  and  90  percent  for  a  number 


of  crops  in  a  mu  1 1 1  temporal  classification  test  in  Missouri 


AGRISTARS  researchers  reported  that  image  stratification  is  very 


important  in  the  classification  of  general  vegetation  types  but 


that  stratification  is  not  recommended  if  only  crop 


identification  is  desired. 


If  current  locations  of  agricultural  fields  are  important,  it  may 


be  efficient  to  use  historical,  possibly  mu  1 1 i temporal  data,  to 


assess  areas  of  agriculture  and  then  determine  areas  of  change 


with  more  recent  data.  A  review  of  several  agricultural  change 


detection  techniques  can  be  found  in  Burns  and  Joyce  (1981). 


This  study  reports  no  significant  difference  in  any  of  the  four 


techniques  compared;  differencing,  composite  classification. 


radiance  shift,  and  regression.  Image  differencing  is  probably 


to  be  preferred  because  it  is  computationally  simple.  Principal 


components  analysis  has  also  been  found  to  be  useful  for  change 


detection.  Richards  (1984)  reported  that  the  changed  areas  are 


often  highlighted  in  the  first  or  second  principal  component. 


Radar  Is  also  indicated  as  being  of  some  use  in  the  AGRISTARS 
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research.  Experiments  using  SEASAT  data  over  Kansas  determined 
that  corn  and  soybean  fields  may  be  discriminated  early  in  the 
season  by  using  radar  texture  differences  (NASA,  1983).  Also, 
field  edge  information  was  found  to  be  very  good  on  radar  images, 
suggesting  that  radar  may  be  used  to  find  field  boundaries  prior 
to  the  employment  of  the  CLASSY  algorithim.  There  is 
considerable  interest  in  using  radar  to  classify  croplands 
because  of  its  all-weather  and  day-night  capabilities  but 
crop/radar  interaction  is  not  sufficiently  well  understood  to  be 
operationally  useful  for  crop  classification  (Meyers  et  al . , 
1983).  Factors  such  as  row  direction  and  soil  wetness  can  have 
a  dramatic  effect  on  crop  backscatter  (NASA,  1983). 

Other,  less  comprehensive  attempts  to  reliably  identify  crop 
types  are  also  available  in  the  literature.  Like  the  federal 
research  discussed  above,  these  reports  generally  suffer  from 
many  of  the  problems  treated  at  the  beginning  of  this  section. 

In  particular,  it  was  found  during  the  literature  review  that  the 
lack  of  small  field  identification  techniques  and  the  lack  of 
third  world  crop  identification  reports  would  severely  limit  the 
extendab i 1  l  ty  of  the  CITARS,  LACIE,  or  AGRISTARS  methods  over  a 
great  deal  of  the  world.  None  of  these  latter  efforts  even 
attempt  to  address  tropical  agriculture,  where  the  greatest 
difficulties  in  reliable  identification  of  crop  types  are 
expected . 

Some  recent  studies  have  focused  on  these  problems.  A  supervised 
classification  using  TM  data  of  the  St.  Lawrence  River  area  in 


Canada  was  attempted  to  undertake  identification  of  the  crops 
contained  in  relatively  small  (100  meter  width)  fields.  Optimal 
image  acquisition  time  was  established  through  prior  research  as 
late  August.  Single  date  data  were  limiting  in  this  study 
because  hay  was  often  m 1 sclass 1 f led  as  corn  and  cereals  (14 
percent  and  50  percent  misclass i f icat ion,  respectively),  while 
sugar  beets  and  soybeans  were  accurately  classified  to  within 
acceptable  limits  (Cithar  et  al . ,  1985).  A  working  knowledge  of 
regional  crop  patterns  may  be  of  great  assistance  in  areas  where 
crop  classification  is  difficult  because  of  the  presence  of 
small,  mixed  crop  fields  or  the  confusion  reported  by  several 
studies  between  small  grain  crops  (Belward  and  Taylor,  1986). 

Another  approach  to  the  small  field  problem  was  taken  by  Menenti 
et  al.  (1986)  using  various  vegetative  indexes.  This  study 
demonstrated  that  multiple  index  values  may  be  useful  if  the  area 
to  be  analysed  is  composed  of  a  wide  variety  of  crops.  Data  from 
selected  dates  within  the  regional  crop  calendar  may  be  optimized 
by  using  target  specific  index  values.  Menenti  et  al .  attempted 
to  extend  spatial  signatures  of  diverse  Mediterranean  crops 
between  the  Po  Valley  and  Argentina  using  this  technique.  The 
TVI  and  a  TM  band  5/7  "greenness"  ratio  were  found  to  be  useful. 
Of  the  nine  different  crops,  excellent  classification  results 
were  obtained  for  all  except  alfalfa.  An  interesting  result  of 
this  study  is  that  the  index  values  are  traced  through  time  and 
intercropping  practices  are  revealed  because  the  time  "track"  of 
an  intercropped  area  is  shown  to  lie  between  the  time  "tracks"  of 


the  two  component  agricultural  types.  The  use  of  vegetation 
index  tracking  over  time  is  supported  indirectly  by  Pitts  et  al . 
(1983)  who  reported  that  classification  accuracy  of  croplands  was 
increased  by  tracking  values  of  the  fields  using  both  the 
tasseled  cap  and  principal  component  transformations. 

Menenti's  approach  appears  to  be  well  worth  pursuing  for  several 
reasons.  One  reason  is  that  low  latitude,  spatially  small  areas 
of  diverse  useage  are  apparently  classified  with  some  success; 
this  type  of  agriculture  that  often  includes  intercropping 
presents  one  of  the  most  difficult  challenges  in  agricultural 
remote  sensing.  In  addition,  this  pattern  is  often  what  is 
encountered  in  third  world  countries.  In  a  broader  application, 
the  statistical  treatment  of  the  well  known  mixed-pixel  problem 
in  the  light  of  geographic  associations  and  mu  1 1  i  temporal  imagery 
promises  to  be  a  much  more  robust  approach  than  statistical 
analysis  of  purely  spectral  values. 

The  more  relevant  ancillary  data  that  can  be  introduced  into  the 
classification  process,  the  better  the  final  classification 
results  can  be  expected  to  be.  In  addition,  more  image  data  than 
just  the  mu  1 1 i spectral  pixel  values  should  be  employed.  As 
demonstrated  earlier,  texture  data  may  prove  to  be  useful  to 
separate  crops  and  pastures.  To  identify  crops  in  areas  of  mixed 
agriculture,  mu  1 1 1  temporal  tracking  of  vegetation  Indexes  and/or 
coordinate  transformations  would  seem  to  be  the  most  promising 
approaches.  Climate  data  will  be  necessary  to  determine  the 
optimal  dates  of  image  acquisition  for  a  region.  All  of  these 


factors  need  to  be  considered  in  any  attempt  to  reliably  identify 
the  type  and  growth  stage  of  a  crop  in  many  areas  of  the  world. 
Thus,  in  order  to  optimize  the  image  informational  content,  it  is 
desirable  to  approach  the  classification  procedure  from  a 
Geographic  Information  System  (GIS)  standpoint  (Merchant  and 
Roth,  1981)  relying  not  only  on  image  data  but  also  on  other 
forms  of  data  that  can  be  incorporated  to  improve  the  classifier 
performance.  Satellite  Imagery  can  frequently  determine  the 
qualitative  land  cover  of  an  area  but  a  reliable  determination  of 
land  use  must  depend  upon  the  integration  of  ancillary  data 
(Smith,  1986).  An  additional  benefit  of  the  GIS  approach  is  that 
the  computational  problems  of  mul t i temporal  image  analysis  are 
eased  by  the  fundamental  data  structure  versatility  of  most 
modern  systems  (Harrington,  1981  )  . 

The  potential  use  of  GIS-assisted  classification  can  be 
illustrated  by  the  consideration  of  conventional 
pho to i nterpre tat  i  on  keys.  For  example,  topographic  information 
can  assist  in  the  identification  of  pasture  areas.  Loelkes  et 
al.  (1983)  Indicate  that  cropland  is  generally  not  found  In 
delineated  fields  having  slopes  greater  than  l®  percent.  Thus  if 
detailed  topographic  models  are  available  in  a  GIS  format,  the 
overlay  of  an  edge-enhanced  space  image  should  reveal  areas  of 
delineated  fields  on  slopes  too  steep  for  cultivation.  If  it  is 
known  that  livestock  are  present  in  this  area,  then  these  areas 
can  reasonably  be  inferred  to  be  pasture. 
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A  good  demonstration  of  the  GIS  approach  to  arid  land  vegetation 
classification  is  found  in  Yool  et  al .  (1984).  This  study 
emphasizes  that  basic  vegetation  type  and  density  can  be 
determined  from  orbital  imagery  but  for  a  more  detailed  picture 
of  local  conditions  it  is  necessary  to  incorporate  ancillary  data 
in  a  GIS  based  approach  to  classification.  Slope  and  sun  aspect 
information  were  found  to  be  particularly  important  to  obtain 
higher  accuracy  in  the  classification  of  percent  live/dead 
standing  foliage  and  percent  of  total  vegetation  coverage.  A 
useful  and  basic  stratification  of  vegetative  cover  types  for  an 
arid  site  was  found  by  creating  a  texture  image  band  from  the 
mul t i spectral  bands.  This  texture  image  was  generated  by  passing 
a  3  x  3  window  over  the  vegetation  sensitive  MSS  band  5.  The 
standard  deviation  of  the  data  within  the  window  was  written  to 
the  GIS  texture  file.  There  are  several  forms  of  texture-based 
image  segmentations  that  operate  in  a  similar  fashion  (Rosenfeld, 
1984)  . 

While  image  classification  in  a  GIS  format  is  potentially  much 
more  reliable  than  pixel  spectral  value  derived  classifications, 
this  type  of  automated  processing  does  not  fully  emulate  the 
mental  processes  of  a  skilled  image  interpreter.  A  GIS-based 
classifier  is  analogous  to  placing  a  series  of  maps  in  addition 
to  the  image  in  front  of  the  interpreter.  The  maps  are  of  great 
assistance,  but  still  do  not  supply  the  complete  knowledge  base 
utilized  by  the  skilled  pho to  interpre ter . 

A  step  beyond  GIS-assisted  classification  is  the  employment  of  an 
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artificial  intelligence  CAI)  or  expert  system  to  achieve 
classification  accuracy  equal  to  or  exceeding  that  performed  by 
human  experts.  GIS  systems  are  operational  at  the  present  time 
but  artificial  intelligence  image  analysis  systems  are  still  in 
the  research  phase.  It  has  proven  very  difficult  to  model  human 
decision  making  processes  for  use  in  an  automated  classification 
system.  The  causes  of  this  fact  are  complex,  and  cannot  be  dealt 
with  in  significant  detail  in  this  report.  However,  we  can 
examine  various  inputs  and  decision  processes  used  by  the  skilled 
photo i nterpre ter  and  tentatively  show  what  additional  skills  an 
artificially  intelligent  machine  classification  system  must  use 
in  order  to  fully  emulate  the  human  expert. 

Two  immediately  noticable  characteristics  of  manual 
photo i nterpre tat i on  methods  of  crop  discrimination  are  that  they 
are  fundamentally  mul t i temporal  and  ancillary  data  are 
incorporated.  Any  attempt  in  automating  crop  identification 
through  artificial  intelligence  techniques  must  utilize  these 
types  of  information  in  the  classification  process.  In  addition, 
any  AI  application  must  utilize  feature  shape  and  textural 
information  because  these  are  very  important  keys  in  manual 
pho to i nterpre tat i on  (Avery,  1985).  Currently,  the  numerical 
analysis  of  pixel  specific  spectral  data  is  achieved  via  a  wide 
variety  of  methods;  unfortunately,  the  analysis  of  texture  and 
shape  information  is  not  nearly  so  advanced.  At  the  present 
time,  there  is  not  even  a  widely  accepted  measure  of  either  of 
these  two  image  feature  attributes. 


A  major  problem  also  exists  with  the  modeling  of  human  decision 
making  processes.  AI  specialists  have  recognized  that  humans 
tend  to  reason  on  a  hierarchical ,  or  sequentially  logical  basis, 
while  computers  generally  operate  on  what  might  be  called  a 
simultaneous  basis;  that  is,  a  single  list  is  considered  and  the 
object  in  question  is  classified  according  to  what  category  fits 
best.  The  advantage  of  human  processing  is  the  ability  to 
freely  go  up  and  down  the  hierarchical  decision  tree  as 
hypotheses  are  tested  and  rejected;  computers  traditionally  have 
a  difficult  time  doing  this.  An  illustration  of  this  can  be  seen 
in  the  logic  used  in  conventional  GIS  analytical  mapping 
operat i ons . 


The  Boolean  logic  used  in  GIS  operations  is  quite  unlike  the 
probablistic  thinking  exercised  by  humans.  Humans  are  able  to 
follow  a  long  decision  tree  process  based  upon  additive 
probabilities.  In  this  process  a  great  many  different  kinds  of 
decision  input  data  are  used.  In  image  analysis,  some  of  these 
inputs  (or  interpretation  keys)  are  absolute  : dent i f i e  rs ,  while 
others  are  more  or  less  reliable  indicators  about  which  other 
keys  should  be  sought  for  confirmatory  evidence.  In  contrast, 
most  computer  programs  treat  all  keys  as  equal;  in  addition, 
either  a  condition  is  absolutely  true  or  it  is  not.  This  Boolean 
logic  is  an  Incomplete  model  of  human  probabli$tlc  decision 
making  processes.  It  is  extremely  important  for  a  programmer 
attempting  to  automate  pattern/texture  based  feature  recognition 
to  recognize  the  different  levels  of  clues  that  drive  the 
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decision  making  process.  Unfortunately,  the  theoretical 
structure  of  this  process  tends  to  be  difficult  to  ascertain 
because  it  is  approached  in  the  literature  many  different  ways, 
depending  upon  the  application.  For  image  analysis  of  the 
earth's  surface,  the  Department  of  Defense  Interservice  Committee 
on  Photo  interpretat i on  Keys  and  Techniques  has  done  extensive 
work  on  classifying  keys;  an  excellent  review  of  this  work  as 
applied  to  vegetation  recognition  can  be  found  in  Williams 
<  1984)  . 


One  classification  strategy  that  has  used  a  probabal i st ic  logical 
structure  is  the  use  of  a  priori  information.  The  basis  of  a 
priori  classification  is  that  if  an  area  has  had  under 
cultivation  in  the  past  60  percent  crop  A,  30  percent  crop  B,  and 
10  percent  other  crops,  then  this  information  is  integrated  with 
the  classification  rule.  Usually,  these  probabilities  are  used 
to  assist  the  classifier  in  deciding  which  category  to  place 
pixels  that  are  not  clearly  identified  by  their  reflectance 
al one  . 

A  priori  data  were  used  in  a  classifier  for  a  CITARS  crop 
identification  effort.  Although  it  did  not  prove  to  be 
significantly  useful  for  that  effort  (Myers  et  al . ,  1983),  its 
use  is  still  advocated.  The  failure  of  historical  a  priori  data 
to  improve  crop  classification  accuracy  in  the  CITARS  evaluation 
was  thought  to  have  been  caused  by  the  mismatching  of  the 
statistical  sampling  units  on  the  imagery  and  the  crop  reporting 
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districts.  A  difficulty  frequently  encountered  in  a  priori 
classification  strategies  is  the  exact  structure  of  the 
association  between  the  a  priori  data  and  areal  units. 

A  good  example  of  the  potential  use  of  a  priori  information  to 
aid  classification  can  be  seen  in  Indonesia.  Statistically,  60 
percent  of  all  land  under  cultivation  in  this  country  is  wetland 
rice  C Kon i j nenburg  and  Irsyam,  1986).  Therefore  if  a  field  is 
identified  from  an  image  it  can  be  assigned  a  probable 
classification  of  wetland  rice  even  prior  to  any  numerical 
spectral  analysis.  If  mu  1 1 i te mpora 1  imagery  is  available  for  the 
site,  the  certainty  of  identification  can  increase  greatly 
because  wetland  rice  progresses  through  a  very  identifiable 
phenologlc  progression  that  is  summarized  well  by  Konijnenburg 
and  Irsyam  (1986).  Two  very  different  types  of  clues  (one  image 
derived,  one  non  image  derived)  can  be  combined  logically  to 
provide  near  certain  identification  in  a  relatively  poorly  mapped 
area  of  the  world. 

If  past  production  figures  are  not  available  or  judged  to  be 
unreliable  for  the  purposes  of  a  priori  classification,  it  may  be 
possible  to  estimate  a  priori  probabilities  from  regional  food 
supply  figures.  Although  this  approach  was  not  found  in  the 
literature,  a  logical  justification  for  it  may  be  constructed 
rather  easily.  A  benefit  of  this  approach  is  that  this  type  of 
tabular  statistical  data  are  available  for  much  of  the  world 
because  of  the  current  international  concern  with  food  shortages 
in  third  world  countries  (USDA  1981,  1985).  It  is  these  same 


34-1 3° 


areas  where  we  expect  to  find  a  shortage  of  good  agricultural 
statistics  to  aid  in  a  priori  image  classification. 

In  third  world  countries  food  import  and  redistribution  is 
usually  marginal,  and  people  generally  eat  what  they  can  grow 
nearby.  If  the  residents  of  a  particular  region  primarily  eat 
taro  (a  root  crop)  during  much  of  the  year,  and  if  It  is  also 
known  that  significant  crop  import  or  export  does  not  exist,  then 
it  is  a  logical  inference  that  small  fields  surrounding  villages 
in  this  region  are  most  likely  taro  fields. 

The  above  example  is  relatively  simplistic;  as  mentioned  earlier, 
a  more  robust  model  is  probably  needed  that  can  incorporate  land 
cover  image  data,  land  use  statistics,  crop  and  livestock 
production,  climate,  and  other  types  of  data  as  needed.  Models 
of  this  sort  have  been  developed  by  geographers  working  on 
regional  studies;  good  examples  may  be  found  for  India,  Russia, 
and  England  in  Bay  1 i ss-Sm i th  <1983).  Image  data  have  not  been 
integrated  with  most  of  these  models  and  they  have  not  been 
Implemented  on  computers.  However,  if  these  tasks  can  be 
undertaken,  and  valid  data  structures  for  decision  making  can  be 
implemented,  there  is  a  good  chance  that  the  resultant  analytical 
model  may  be  versatile  enough  to  classify  agricultural  land 
accurately  worldwide. 

Locating  areas  of  crop  production  can  be  generally  accomplished 
quite  easily  with  visual  analysis  of  remotely  sensed  data 


primarily  by  looking  at  field  patterns.  Automating  this  process 
could  be  attempted  but  it  is  questionable  if  it  could  be 
accomplished  more  reliably  than  by  a  trained  analyst.  Specific 
crop  identification  by  automated  processing  is  a  very  difficult 
problem,  particularly  in  areas  of  small  field  sizes  and  complex 
cropping  practices  and  areas  of  limited  ancillary  data  or  ground 
truth  accessibility. 

Several  possible  processing  strategies  for  improved  crop 
identifications  have  been  presented  in  this  section.  The  most 
useful  strategies  are  those  incorporating  ancillary  data  such  as 
a  priori  crop  types  and  acreages,  crop  calenders  and  CIS 
construct i on . 
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4.10  FOREST 


The  brush,  forest,  height  and  density  of  vegetation  and  orchard 
conditions  in  Table  1  are  all  related  from  a  remote  sensing,  and 
particularly  from  an  automated  processing,  perspective.  The 
separation  of  these  conditions  is  difficult  because  of  frequent 
similarities  in  spectral  and  phenological  characteristics.  In 
addition,  there  are  definitional  problems  such  as  between  brush 
and  forest. 

These  conditions  can  best  be  differentiated  by  sufficient 
climatic,  vegetative  and  land  cover  ancillary  information  because 
they  frequently  do  not  conexist.  Under  natural  environmental 
conditions,  brush  is  not  associated  with  forest  except  for 
localized  areas  of  forest  succession.  Brush  is  generally 
confined  to  semiarid  environments  such  as  the  chapparal  of 
mediterranean  climates.  Similarly,  orchards  are  found  in  limited 
areas  often  associated  with  other  agricultural  activities. 

Orchards  generally  cannot  easily  be  delineated  from  forests  by 
automated  processing  unless  spectrally  unique  or  by  the 
incorporation  of  texture  measures.  In  this  study  orchards  are 
included  as  another  crop  type  in  section  4.9  with  other  available 
food  source s . 

l 

A 

Brush  is  extremely  difficult  to  separate  from  forest  with 
spaceborne  remote  sensing  and  also  de f i n i t i ona 1 1 y  .  Where  brush 
is  successionai  to  forest,  the  lack  of  shadows  and  lesser  crown 


closure  of  brush  may  provide  spectral  differences.  Because  brush 
and  forest  seldom  are  found  in  the  same  locations  naturally, 
ancillary  data  are  frequently  necessary  to  locate  areas  of 
possible  brush.  For  these  reasons,  brush  is  not  considered 
separately  in  this  study. 

There  are  many  remote  sensing  methods  to  evaluate  vegetation 
density  as  indicated  by  biomass,  leaf  area  index  and  green 
vegetative  indices  (GVI).  These  measures  are  presented  in 
several  sections  of  this  study  (see  particulary  4.9  on 
agriculture).  Relative  biomass  is  very  much  controlled  by 
vegetative  phenology,  moisture  availability  and  other  vegetative 
controlling  factors.  An  interest  of  the  Air  Force  is  vegetative 
height  which  cannot  be  reliably  determined  from  existing 
automated  processing  techniques  of  spaceborne  remotely  sensed 
data.  Biomass  or  GVI  measures  can  be  misleading.  Young  grasses 
can  have  a  higher  GVI  than  just  emerging  forest  foliage.  Height 
of  vegetation  can  best  be  ascertained  by  the  use  of  ancillary 
data  to  determine  what  natural  or  cultural  vegetation  may  exist 
in  a  region  of  Interest.  This  study  will  not  additionally 
consider  the  height  and  density  of  vegetaion  directly.  This 
section  is  focused  on  forests. 

As  early  as  1973  forests  could  be  classified  on  MSS  imagery  into 
deciduous  and  coniferous  with  80  percent  accuracy  (Heller  et  al, 
1983).  Accuracy  has  since  risen  for  this  relatively  simple  level 
of  classification.  Forest  areas  of  significant  size  can 


generally  be  identified  from  MSS,  TM  or  SPOT  imagery.  As  was  the 
case  in  agricultural  areas,  the  exact  description  of  the  forest 
is  considerably  more  difficult,  especially  using  low  resolution 
MSS  imagery  in  areas  of  complex  vegetation.  TM  imagery  provides 
a  more  useful  product  for  forest  characterization  (Bradbury  et 
al . ,  1985)  and  the  integration  of  the  SPOT  monochrome  10  m 

resolution  data  with  the  mu  1 1 i spectral  mode  20  m  data  yields 
a i rphoto- 1 i ke  quality  for  the  examination  of  very  small  areas 
(Cliche  et  al.,  1985).  While  this  latter  technique  is  attactive, 
the  merging  of  SPOT  data  is  currently  computationally  complex 
because  of  different  resampling  algorithims  for  the  visible  and 
IR  bands  due  to  SPOT  scanner  problems. 

Although  many  different  forest  conditions  and  characteristics 
have  been  analysed  using  satellite  imagery,  this  report  is 
interested  in  only  a  few  of  the  variables  discussed  in  the 
literature  of  the  satellite  remote  sensing  of  forests.  These 
variables  are  the  basic  type  of  tree  (coniferous  or  deciduous), 
the  density  of  the  forest,  and  the  amount  of  ground  cover 
provided  by  the  forest. 

This  latter  quantity  is  crown  closure.  With  100  percent  crown 
closure,  no  ground  is  visible  between  the  trees,  while  at  25 
percent  crown  closure,  75  percent  of  the  pixel  reflectance  is 
from  the  ground  between  trees.  Crown  closure  is  a  measure  of 
horizontal  tree  density  having  great  bearing  upon  aerial 
observation  but  little  bearing  upon  the  ease  of  ground  traverse 
because  the  density  of  the  trees  is  essentially  measured  at  tree 


top  level.  Some  tree  types  Ce.g.,  oak)  can  have  a  sparse 
understory,  while  many  pines  and  cedars  are  very  dense  at  ground 
level.  At  the  present  time  it  is  impossible  to  discern  the 
brushiness  of  the  understory  vegetation  without  much  higher 
resolution  or  ancillary  data  that  describes  the  basic  character 
of  the  f orest . 

Some  research  has  used  crown  closure  as  the  basic  classification 
parameter  for  forested  lands.  Heller  et  al .  (1983)  considered 
woodland  to  be  areas  of  25  to  60  percent  crown  closure  and  closed 
forest  to  be  60  to  100  percent  crown  closure.  Pure  tree  stands 
are  those  where  70  percent  of  the  crown  closure  consists  of  a 
single  species  or  type  of  tree.  This  basis  for  classification  is 
justified  because  crown  closure  of  the  forest  is  the  dominant 
spectral  reflectance  characteristic  of  forests  on  vertical  angle 
remotely  sensed  imagery.  This  conclusion  is  supported  by  many 
studies.  For  example,  Klock  et  al  .  (  1985)  found  crown  closure  as 

determined  from  MSS  imagery  to  agree  with  ground  truth  94  percent 
of  the  time.  Classification  into  four  equal  classes  of  crown 
closure  was  used  in  a  recent  study  in  India  and  was  found  to  be 
90  percent  accurate,  even  in  mountainous  terrain  (Singh,  1986). 

A  post  classification  smoothing  filter  also  increased  accuracy 
slightly  by  eliminating  classification  outliers.  The  use  of  such 
a  filter  is  essentially  incorporating  contextual  data  in  a  very 
crude  fashion  because  neighboring  pixels  have  an  influence  over 
the  classification  of  the  pixel  in  question. 


i 


For  any  classification  procedure,  signature  extraction  is  more 
important  than  the  classification  algorithm.  Hoffer  et  al . 

<1979)  tested  several  forest  classification  algorithims  of  MSS 
data  of  a  forested  site  in  Colorado.  These  algorithims  included 
Gaussian  maximum  likelihood,  minimum  distance  to  cluster  mean, 
and  a  hierarchical  (layered)  classifier.  Virtually  no  difference 
was  found  between  the  classifier  performances  in  this  study. 
Accuracy  for  all  three  was  around  93  percent  for  an  Anderson 
(1976)  level  II  classification,  and  around  76  percent  for  level 


Error  associated  with  classification  is  often  caused  by  some 
degree  of  mixing  in  the  forest  population.  Often,  this  mixing  is 
of  different  types  of  trees  that  coexist  in  the  same  habitat.  If 
mixing  is  suspected  in  the  tree  population,  and  this  mixing  is 
important  to  quantify,  then  unsupervised  classification  is 
recommended  because  small  changes  in  the  forest  population 
mixture  will  be  evident  as  spectrally  distinct  clusters.  A  study 
of  South  Carolina  forests  indicated  that  while  supervised 
classification  of  sites  with  poor  prior  ground  truth  gave  the 
analyst  more  control  over  the  classification,  unsupervised 
classification  yielded  a  higher  overall  accuracy  in 
characterizing  the  forest  (Kelton  et  al.,  1985).  Forest/ 
nonforest  discrimination  was  achieved  with  97  percent  accuracy  in 
the  unsupervised  classification  procedure,  while  the  supervised 
procedure  yielded  93  percent  accuracy.  However,  excessive 
numbers  of  clusters  may  indicate  tree  diversity  but  still  not  be 
readily  identifiable  as  specific  species.  Both  classification 
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procedures  essentially  failed  at  an  Anderson  Level  III 
class  i  f icat ion. 

Khorram  and  Katlbah  (1981)  performed  a  comparison  between  two 
forms  of  unsupervised  classification  for  the  same  test  site  in 
California.  Essentially  the  question  addressed  was,  should  the 
training  sites  be  statistically  analysed  as  part  of  a  single 
population  of  pixel  reflectance  values,  or  should  each  training 
site  be  considered  independently.  In  practice,  this  makes 
considerable  difference  in  the  number  of  clusters  generated  from 
the  unsupervised  clustering  procedure.  If  forty  clusters  are 
specified  to  the  algorithm,  then  in  the  first  case,  there  will  be 
forty  clusters  while  the  second  case  will  generate  forty  clusters 
for  each  training  site.  Khorram  and  Katibah  reported  that  the 
results  of  the  second  case  were  superior  because  small  vegetation 
differences  are  contained  in  the  additional  clusters.  An  ensuing 
difficulty  is  that  good  ground  truth  is  required  to  assign 
meaningful  labels  to  the  great  numbers  of  generated  clusters. 

The  use  of  unsupervised  classification  for  forest 
characterization  is  also  advocated  by  other  studies.  In  an  area 
of  diverse  forest  types  in  Florida,  unsupervised  classification 
was  applied  to  TM  data.  While  some  extraneous  classes  were 
generated,  most  classes  reflect  actual  differences  in  the  forest 

i 

(Echols  et  al . ,  1986).  TM  bands  2,3,5,  and  7  were  the  most 
useful  data  for  the  unsupervised  classification  procedure.  Bands 
4  and  5  were  useful  in  discriminating  between  pines  and  hardwoods 


in  river  bottom  areas 


Other  reports  recommend  similar  band  combinations  for  the 
analysis  of  forests  using  satellite  digital  data.  Troller,  et 
al .  (1986)  recommend  using  all  visible  bands  and  band  7  for 
digital  analysis,  or  the  3,5,4  composite  image  for  visual 
interpretation  of  forests. 


The  use  of  a  texture  image  as  another  spectral  band  is 
recommended  by  Consentlno  and  Estes  (1981)  in  their  seminal  GIS 
fire  fuels  model  of  Southern  California.  The  standard  deviation 
of  a  3  by  3  pixel  window  passed  over  the  band  5  image  data  was 
written  to  the  texture  channel.  An  identical  procedure  was  used 
by  Strahler  (1983)  in  another  study  of  forests.  In  the  latter 
study,  the  resulting  texture  image  was  smoothed  by  requiring  that 
image-derived  texture  pixels  exist  in  clusters  no  smaller  than  6 
pixels,  or  else  be  merged  with  the  largest  contiguous  cluster. 

The  smoothed  pixels  usually  reflect  actual  differences  on  the 
ground  and  are  only  smoothed  to  create  a  better  regional  forest 


Strahler  considers  texture  to  be  an  orthagonal  data  set  to  the 
spectral  image  data  because  the  texture  band  is  poorly  correlated 
with  any  of  the  spectral  bands.  This  indicates  that  additional 
data  are  present  in  the  texture  band  that  are  not  obvious  :n  the 
spectral  data.  High  texture  values  are  reported  - o  correspond  to 
forest  edges,  intermediate  values  are  found  in  young  tree  stands 
with  gaps  in  the  crown  closure,  and  low  texture  values  are  round 
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In  old  stands  with  complete  canopy  coverage  of  the  ground. 
Strahler  also  advocates  the  use  of  unsupervised  clustering  and 
the  retention  of  many  clusters  for  later  analyst  labeling  because 
these  clusters  usually  represent  real  differences  on  the  ground. 

A  highly  automated  procedure  for  examining  forest  succession  was 
used  by  Merola  (1984).  Good  results  were  reported  in  this  st  udy 
using  MSS  data  covering  a  structurally  complex  forest  in  Utah. 
Principal  components  analysis  was  used  to  reduce  data 
dimensionality  by  eliminating  cross  correlation  between  spectral 
bands,  followed  by  cluster  analysis  to  generate  un supervised 
classes.  Discriminant  analysis  was  then  used  to  examine  the 
statistical  content  of  the  clusters.  Discriminant  analysis  was 
also  used  by  Howarth  and  Wickware  (1983)  and  Tom  and  Miller 
(1984)  to  examine  statistical  context  of  clusters  generated  in  an 
unsupervised  classification.  An  advantage  of  Merloa's 
methodology  is  that  all  of  these  numerical  analysis  procedures 
can  be  invoked  using  common  statistical  packages;  SPSS  was  used 
in  this  case  . 

Analysis  of  the  two  principal  components  of  the  MSS  shows  that 
the  first  is  essentially  the  visible  information,  while  the 
second  is  the  infrared  information.  It  is  also  reported  by 
Merola  (1984'  that  this  procedure  is  quite  good  for  identifying 
landscape  units  that  have  characteristic  vegetation  associations. 
From  the  view  of  classical  geographical  analysis  this  is 
important.  A  landscape  (or  regional)  unit  should  be  identified 


prior  to  examination  of  Its  specific  attributes.  This  is 
essentially  a  top-down  approach.  However,  many  studies  in  r  e  mo ' 
sensing  approach  terrain  analysis  in  a  bottom- up  fash. on,  taking 
great  effort  to  examine  individual  attributes  when  a  clear  idea 
of  the  terrain  as  a  whole  can  answer  many  specific  questions 
without  time  consuming  numerical  image  analysis.  If  a  bottom  up 
study  is  required,  then  it  may  be  advisable  to  apply  canonical 
analysis  to  determine  the  reliability  of  tne  lower  hierarchical 
classes  which  are  the  components  of  the  landscape  (Me .non  and 
Hopkins,  1984). 

Other  current  research  indicates  that  complex  numerical 
techniques  of  data  handling  and  transformation  are  not  required 
to  classify  forests  accurately.  Principal  components  was  found 
to  be  of  little  use  in  forest  analysis  because  it  is  not  suited 
for  contrast  enhancement  among  dense  vegetation  (Chiao  et  ai  .  , 
1986;  Epp  and  Reed,  1986).  This  conclusion  is  supported  by  Dury 
et  al .  (1986).  Patios  were  not  found  suitable  because  slight 

albedo  differences  are  suppressed.  In  the  study  by  Duty  et  al . , 
a  mean  value  3  by  3  smoothing  filter  enhanced  later 
classification,  justified  by  essentially  the  same  logic  as  that 
used  by  Strahler.  Dury  et  al.  also  advocated  supervised  and 
unsupervised  classification  procedures  both  be  utilized  in  any 
forest  study. 

Radar  has  been  used  to  examine  forested  areas;  however,  the 
consensus  of  research  reviewed  indicated  that  is  it  not  as  usefu 
as  mu  1 t  i  spec t ra 1  scanner  data.  Campbell  (198  1)  used  K-band  SLAP 


Seasat  L-band  SAR,  and  MSS  imagery  to  visually  classify  land 
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cover  in  southeastern  Pennsylvania.  MSS  imagery  were  recommended 
as  best  for  the  accurate  (90  percent)  classification  of  forest. 
Similarly,  C-band  radar  was  found  by  Leckle  (1983)  to  be  of  poor 
use  in  forest  identification,  although  he  does  report  that  forest 
generally  has  a  rougher  texture  than  cleared  land  or  brush  on  the 
radar  i mage  . 

Hoffer  et  al.  (1985)  conducted  a  comprehensive  study  using 
multiband  (X  anf  L)  and  mu  1 1 i po 1 ar i ca t  i  on  data  over  forested 
areas.  This  study  illustrates  the  classic  diffficulty  of 
interpreting  radar  data  without  ground  truth.  X-HH  imagery  was 
found  to  show  conifers  dark  and  deciduous  light,  while  the 
pattern  revealed  in  X-HV  is  exactly  the  reverse.  The  report 
concludes  that  X-HH  has  higher  tonal  contrast  than  any  other 
band /po 1 ar i za t  i  on  tested,  but  L  band  is  useful  for  its  ability  to 
detect  wafer  under  free  cover. 

Radar  data  may  be  useful  in  defining  the  edge  of  the  forest, 
particularly  where  the  edge  is  oriented  parallel  and  facing  the 
sensor.  Low  look  angle  (28  degrees)  SIR-B  imagery  was  found  to 
show  these  type  of  edges  better  than  high  angle  data  of  the  same 
area  in  Florida  (Mueller  et  al.,  1985).  Texture  measures  applied 
to  TM  imagery  have  also  been  used  for  this  purpose  (Gillespie  et 
al.,  1986  ).  Cl  ass i f  icat  i  on  of  the  different  types  of  edges 
resulting  from  the  TM  image  edge  extraction  process  led  to 
computational  compl icat ions .  Padar  appears  to  be  more  suitable 


for  edge  information,  especially  if  multiple  look  directions  are 
available.  Radar  data  may  be  a  useful  asset  in  image 
segmentation  prior  to  more  detailed  forest  characterization. 

Segmentation  of  forest/nonforest  areas  prior  to  detailed  fores* 
characterization  is  recommended  by  many  researchers.  In  a  study 
of  Pennsylvania  forest  resources,  good  segmentation  was  achieved 
using  a  Baysian  maximum  likelihood  classifier  (Russo  and 
Stauffer,  1983).  In  a  similar  study  of  habitats  in  Louisiana, 
Bands  5  3nd  7  were  useful  to  segment  the  study  area  manually. 

Band  7  was  most  useful  for  general  vegetation  regionalization  but 
band  5  was  especially  useful  in  delineating  regional  boundaries 
caused  by  land  use  change  (Evans  and  Burns,  1983). 

Some  studies  recommend  that  classification  take  place  in  a 
sequential  decision  tree,  so  that  not  all  of  the  i  mage  pixels  are 
classified  at  the  same  stage.  This  approach  is  often  called 
“layered",  or  hierarchical  classification.  It  is  an  extension  of 
a  masking  procedure  where  only  the  pixels  classified  as  forest 
are  used  in  the  second,  more  detailed  classification.  The 
logical  extension  of  this  type  of  approach  leads  to  lengthy 
decision  tree  structures  where  some  pixels  are  identified  at  each 
step  and  eliminated  from  further  consideration.  This  approach  is 
advocated  strongly  in  Loranzo-Garc i a  and  Hoffer  (1985).  A 
primary  advantage  of  this  procedure  is  that  different 
classification  algorithims  and  different  band  combinations  can  be 
used  at  each  stage.  These  can  be  target  specific  for  particular 
classes.  Loranzo-Garcia  reported  98  percent  accuracy  in 
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forest  'nonf orest  classification  and  95  percent  accurac 
deciduous /  coniferous  classification  using  mult:  tempora 
Imagery.  This  approach  has  a  weakness  in  that  exte.nsl 
usually  required  to  construct  the  decision  tree  and  e:< 
t  i  Tie  is  required  to  run  the  various  algorithms  used  a 
stages  of  the  process.  Hierarchical  decision  tree  str 
often  found  in  AI  applications  because  they  are  though 
closely  emulate  human  decision  processes  than  "one  r  u  1 
classifiers. 

Mu  1 1 i temporal  data  are  clearly  useful  when  making 
deciduous/coniferous  classifications.  Early  spring  da 
recommended  by  Gillespie  et  al .  (1996).  Data  for  coni 

vegetation  has  often  been  obtained  in  the  winter  while 
trees  are  usually  imaged  in  the  leaf-on  condition. 
Deciduous /  coniferous  differentiation  can  be  readily  pe 
using  imagery  with  moderate  to  heavy  ground  snow  cover 
and  Lusch  (1985)  reported  in  a  study  of  Michigan  t ha t 
slicing  can  be  employed  to  visually  separate  forest  t y 
area  covered  by  2icm  of  snow.  The  conifers  are  very  d 
visual  bands.  The  mass  of  branches  and  trunks  caused 
deciduous  areas  to  be  somewhat  dark  compared  to  the  ex 
high  digital  values  of  everything  else  in  -he  scene. 

In  areas  of  mixed  -imber  types,  a  G13  approach  .sing 
mul t  i  temporal  and  slope  data  layers  was  found  t  o  sign: 
assist  accurate  characterisation  of  the  forest  C  ?  t  :  b  i  g 


chardf,  ’.986).  Sadler  3ad  Joyce  (  1995)  claim  that  multisensor 
ata  are  usually  needed  in  any  heavily  vegetated  area  because  the 
eaf  reflectance  in  these  areas  can  reach  a  saturation  point  and 
ask  out  differences  In  the  vegetative  canopy.  It  Is  also 
ndicated  in  this  report  that  the  near- i nfrared /red  band  ratio  of 
M  simulator  data  is  useful  for  differentiating  old,  mature,  and 
egenerated  forests.  If  this  is  true,  inferences  can  b*-  made 
bout  the  level  of  brush  and  availability  of  clearings  in  ‘he 
orest  of  interest.  To  do  this,  ancillary  data  will  be  required 
o  characterize  these  different  ages  of  forests.  In  most  areas, 
here  are  very  definite  differences  between  these  types  of 
orests.  For  example.  North  American  forests  tend  to  be  very 
rushy  and  thick  when  they  are  young  or  regenerating,  while  older 
orests  are  relatively  clear  below  a  closed  canopy  due  to  the 
ack  of  sunlight.  On  the  other  hand,  tropical  rainforests  have  a 
hick  under s t or y  despite  full  development  of  the  canopy.  The 
ensity  of  the  understory  car.  be  a  direct  result  of  the 
vail  ability  of  wafer.  The  use  of  topographic  information  i  r.  a 
IS  approach  to  classification  would  be  very  useful  t  o 
iscrimir.ate  lowland  swamps  and  river  valleys  where  this  may 
to  ;r  . 

1  though  gross  characterization  of  forests  i  u  readily  performed 
i f h  VSS  data,  a  more  detailed  portrait  of  a  local  landscape  will 
me rge  if  h i ghe r  resolution  3?CT  or  TM  data  is  utilized.  This  is 
art  .  :  .  1  ar  1  y  true  in  diverse  1  ands  capes  .  A  r.  analysis  of  Northern 
lor  Ida  using  TM  data  and  a  maximum  likelihood  classifier 
“suited  .  r.  classes  that  were  mor*j  numerous  and  more  :-*»ful  *  - 
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ground  investigators  than  those  produced  by  an  identical 
procedure  using  MSS  data  (Echols  et  al . ,  1986).  Confusion  was 

high  between  pine  plantations  and  hardwood  bearing  wetlands 
because  the  characteristically  low  spectral  reflectance  of  the 
conifers  was  similar  to  that  of  the  water /dec i duo  us  mixture. 


Generally,  forest  can  be  delineated  using  traditional  automated 
processing  techniques.  Mu  1 1  i  te mpora 1 ,  texture,  hierarchical 
classifiers  and  ancillary  data  can  also  increase  accuracies  in 
specific  situations  and  contribute  to  improved  recognition  of 
forest  subcategories. 
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4.11  WILDLIFE  HABITAT 
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remote  sensing  imagery,  it  is  clearly  impossible  to  identify  or 
track  any  individual  animals  from  orbital  platforms.  However, 
satellite  remote  sensing  imagery  has  been  used  in  a  number  of 
studies  to  evaluate  the  quality  of  wildlife  habitat  if  ancillary 
information  indicates  wildlife  are  present  in  the  scene.  Also,  a 
number  of  studies  using  aerial  photography  for  habitat  evaluation 
present  techniques  that  can  be  adapted  for  use  with  satellite 
1 magery . 

Prior  to  discussion  of  specific  strategies  used  for  habitat 
evaluation,  it  is  useful  to  consider  some  basic  properties  of 
habitats.  Possibly  the  most  fundamental  property  is  that  habitats 
are  not  absolute;  animals  will  tend  to  seek  locations  that  have 
the  best  conditions  for  them  in  a  local  area  (Mead  et  al . ,  1981). 

Identical  ground  conditions  at  pixel  locations  in  two  different 
areas  that  both  contain  the  same  wildlife  types  will  net 
necessarily  dictate  that  the  wildlife  is  present  at  both  sites. 
Deer  provide  a  good  illustration  of  this  point.  These  animals 
will  generally  avoid  human  habitation  whenever  possible.  In 
areas  of  expensive  human  settlement  the  deer  have  little  choice 
but  to  inhabit  relatively  small  patches  of  woodland  because  this 
is  the  best  habitat  available.  In  areas  of  less  human 
settlement,  there  is  a  much  wider  range  of  habitats  available, 
and  deer  consequently  will  tend  to  be  in  more  extensive  woodlands 
at  some  distance  from  settlements. 

The  implication  of  this  for  image  processing  is  that  habitats 


diverse  types  of  information  from  many  sources. 


I n  add i t i on ,  the 


analyst  will  need  a  flexible  image  processing  system  so  that 
different  types  of  algorithms  can  be  employed  to  conduct 
information  inquiries  of  diverse  types. 

The  land  cover  classification  system  must  also  be  versatile  and 
be  adaptable  to  many  different  environments.  Meyer-Arendt  and 
Wicker  (1981)  found  that  neither  the  U.S.  Fish  and  Wildlife 
Service  wetlands  classification  or  the  U.S.G.S.  land  cover 
classification  system  were  adequate  for  a  detailed  habitat 
mapping  in  Louisiana.  Rather  a  hierarchical  scheme  was  developed 
that  allowed  increasingly  detailed  information  to  be  appended  to 
the  class  type  as  required.  Open  water  or  upland  forest  needed 
very  few  modifiers  while  marsh  classes  were  quite  complex.  The 
need  for  "fuzzy"  or  transitional  classes  is  also  outlined;  many 
habitat  boundaries  are  gradational  instead  of  abrupt  changes. 

Because  small  climatic  and  vegetative  differences  are  important 
in  wildlife  location,  unsupervised  classification  is  recommended. 
Supervised  classification  tends  to  obscure  transitional  and  small 
ground  cover  differences.  Often,  regions  that  are  thought  to  be 
relatively  homogeneous  prove  to  be  very  diverse.  Mead  et  al . 
(1981)  found  that  a  study  area  in  the  Great  Dismal  Swamp 
contained  43  different  canopy  classes  and  243  fairly  distinct 
vegetative  communities. 

With  these  generalities  in  mind,  remotely  sensed  imagery  car. 
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provide  the  analyst  with  a  useful  technique  of  rapidly 
ascertaining  where  significant  numbers  of  native  wildlife  can 
most  probably  be  found  in  a  region  of  interest. 


Treadwell  et  al .  (1985)  provided  a  list  of  important  habitat 
evaluation  parameters  that  can  be  evaluated  using  remote  sensing 
imagery.  Although  this  study  reported  on  the  use  of  ultralight 
aircraft  for  habitat  evaluation,  the  parameter  list  is  useful  as 
a  guideline  to  the  construction  of  a  quantitative  evaluation 
procedure  to  identify  optimal  wildlife  habitats. 


Remote  sensing  imagery  can  be  utilized  to  assist  habitat 
evaluation  in  the  following  ways  ( adapted  and  abridged  for 
satellite  imagery  from  Treadwell  et  al.): 

1)  To  develop  definitions  of  habitat  types  based  on  landfom, 
soil,  and  vegetation  communities; 

2)  To  determine  the  spatial  distribution  and  juxtaposition  of 
these  habitat  types; 

3)  To  calculate  indices  of  inters pension  or  proximity  between 
types; 

■4)  To  perform  areal  measurements  of  habitat  types; 

5)  To  obtain  varying  degrees  of  floral  information; 

6)  To  obtain  some  data  regarding  the  quality  of  forage  and  the 
location  of  seasonally  early  greening  areas; 

'’)  To  determine  the  seasonal  location  of  watering  locations: 

9)  To  recognize  special  habitat  features  associated  with 
particular  species. 
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In  most  habitat  studies,  a  stratification  process  is  employed. 


If  animals  are  known  to  exist  in  a  region,  then  satellite  imagery 
can  be  used  to  determine  where  are  the  landscape  conditions  most 
favorable  for  the  wildlife.  For  example,  ducks  favor  small 
bodies  of  water  like  ponds  and  inlets  which  can  be  located  by 
thresholding  techniques  applied  to  remotely  sensed  data. 
Exclusionary  evidence  is  also  utilized.  Very  little  wildlife 
will  be  found  in  arid  environments  of  little  vegetation  and 
distant  from  water  locations. 

This  logical  inference  procedure  is  a  parametric  approach;  that 
is,  certain  conditions  are  identified  as  desirable  (or 
undesirable)  wildlife  habitats.  The  presence  or  absence  of  these 
parameters  at  a  particular  location  (pixel)  are  used  in  an 
overlay  GIS  to  determine  the  likelihood  or  suitability  of  the 
location  for  a  specific  wildlife  type.  A  combination  of  certain 
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cover  were  associated  with  specific  species.  The  habitat  of  the 
species  was  then  presumed  to  be  located  where  these  features  were 
present,  and  the  converse  was  presumed  to  be  also  true. 

Puller  (1978)  located  geese  habitats  by  monitoring  with  satellite 
imagery  the  recession  of  snow  cover.  If  snow  cover  was  present 
in  areas  of  known  geese  habitat,  then  the  geese  would  not  be 


Mu  1 1 i te mporal  MSS  imagery  for  a 
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found  there  until  a  later  date, 
several  year  span  was  used  to  monitor  these  northward-moving 
habitats.  Mu  1 1  i  te mpora 1  imagery  is  also  useful  in  identifying 
seasonal  habitat  areas  where  wildlife  concentrations  are 
associated  with  initial  vegetation  greening  providing  food  early 
in  the  spring  (Treadwell  et  al.,  1985). 

A  more  complex  and  useful  GIS  analysis  can  be  undertaken  by 
Introducing  ranking  of  the  parameters  according  to  importance, 
and  also  using  classes  within  each  parameter.  An  index  can  then 
be  calculated  for  each  pixel  that  assesses  the  habitat  optimality 
of  that  location.  An  example  of  this  parameter  ranking  can  be 
found  in  Dixon  et  al .  (1983)  where  land  cover  classes  are  graded 
from  most  to  least  preferred  by  Canadian  moose  herds.  Deciduous 
was  more  preferred  that  upland  coniferous,  which  was  in  turn 
better  than  lowland  coniferous.  An  example  of  classes  within 
each  parameter  can  be  found  in  a  study  of  elk  habitat  by  Murray 
and  Leckenby  (1985).  In  this  study,  weighted  distance  from 
forage  and  cover  was  used  to  develop  an  index  value  for  each 
pixel  that  reflects  habitat  suitability.  Cover/forage  ratios 
were  also  found  to  be  a  meaningful  input  to  the  habitat  index 
value  calculations.  Some  parameters  such  as  road  density  are 
recognized  to  be  of  variable  impact,  and  thus  difficult  to 
account  for  in  numerical  models. 
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Mead  et  al.  (1981)  detail  the  use  of  a  computer  program  that 
calculated  individual  indexes  for  land  cover  class  i  n t e r spe r s  i  on , 
Juxtaposition,  and  an  overall  measure  of  spatial  diversity.  The 
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relative  importance  of  each  was  thought  to  be  dependent  upon 
species  and  area.  By  calculating  all  of  these  indices 
individually,  the  model  is  potentially  more  useful  for  mult  ip 
species  habitat  evaluation  without  extensive  recomputation. 


GIS-based  habitat  models  have  been  developed  that  can 
significantly  assist  in  the  location  of  optimal  animal  habita 
A  major  difficulty  in  implementing  these  models  is  the  necess 
of  obtaining  detailed  ancillary  data  to  create  a  model  for 
globally  diverse  habitats  and  species.  The  weights  applied  t 
each  parameter  in  the  habitat  index  calculations  are  very 
dependent  upon  the  region  and  the  species  (Mead  et  al . ,  1931) 

Remotely  sensed  data  can  be  an  important  source  for  some  of  t 
information  needed.  These  habitat  models  can  indicate  optima 
wildlife  habitats  but  not  wildlife  presence. 
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SUMMARY 


This  study  has  evaluated  the  ability  to  identify  a  set  of  surface 
conditions  of  interest  to  the  Air  Force  using  automated 
processing  of  primarily  Landsat  The  mat ic  Mapper  digital  data. 

This  evaluation  had  several  restrictions  imposed  upon  if.  Cne  of 
those  restrictions  was  the  emphasis  on  automated  processing 
rather  than  image  enhancement.  A  second  restriction  is  the 
possibility  of  Air  Force  interest  in  virtually  any  surface  area 
on  the  globe.  It  is  much  easier  to  develop  region  specific 
processing  strategies  than  consider  the  possible  variations  of  a 
single  condition,  such  as  wetlands,  on  a  global  basis.  The 
necessity  of  considering  areas  of  limited  accessibility  and 
ancillary  information  was  an  added  restriction. 

A  brief,  generalized  summary  of  the  results  of  the  evaluation  of 
the  conditions  of  interest  follows.  These  conditions  are  ordered 
as  found  in  Table  1  which  differs  slightly  from  this  document 
because  some  conditions  were  presented  together. 

SLOPE.  The  availability  of  digital  terrain  model  data  and  the 
current  availability  of  SPOT  stereoscopic  spaceborne  data  -na-.es 
it  unnecessary  to  attempt  to  obtain  this  information  from  TM  data 
SURFACE  ROUGHNESS.  Generally  the  scale  of  surface  roughness 
information  needed  is  unavailable  from  TM  or  other  current 
spaceborne  data.  Radar  may  be  a  more  appropriate  sensor. 

STREAMS.  Water  can  be  easily  identified  with  TM  digital  data. 
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Therefore,  streams  larger  than  the  TM  spatial  resolution  can  be 
identified.  Smaller  streams  may  be  located  by  secondary 
vegetative  indicators  or  other  ancillary  data. 

LAKES  AND  RESERVOIRS.  These  water  features  can  easily  be 
identified  unless  subpixel  in  size. 

WETLANDS.  This  condition  is  highly  variable  and  thus  the  ability 
to  locate  wetlands  will  vary  spatially  and  temporally. 

Generally,  reasonable  processing  strategies  can  be  identified  to 
locate  wetlands.  These  strategies  may  be  region  specific. 
Multitemporal,  multisensor  and  ancillary  data  strategies  are 
among  the  most  successful. 

SNOW  ACCUMULATION .  Snow  extent  can  be  easily  obtained.  The  use 
of  AVHRR  data  may  be  advantageous  because  of  the  high  temporal 
resolution.  No  operational  techniques  for  determining  snow  depth 
have  been  identified,  but  promising  approaches  are  available  with 
models  and  other  sensors. 

BOUNDARY  DEMARCATIONS.  Edge  enhancement  techniques  provide  an 
image  analysis  procedure  to  locate  possible  areas  of  boundary 
demarcations.  The  limited  spatial  resolution  of  TM  does  not 
permit  the  determination  of  if  walls,  fences  or  hedgerows 
actually  exist  in  these  possible  locations. 

LOOSE  SOIL.  Loose  soil  can  be  defined  in  many  different  ways. 
Frequently  loose  soil  is  a  function  of  large  soil  texture  and  is 
therefore  considered  in  the  sand  section.  Other  loose  soils  may 
be  considered  as  wetlands.  Loose  soil  subject  to  saturation  is 
difficult  to  locate  only  with  TM  data.  These  areas  may  be  easier 
to  locate  within  a  CIS  and  with  microwave  sensors. 


SAND .  Sand,  because  of  Its  high  reflectivity,  can  be  located 
quite  reliably  with  automated  processing  of  TM  data. 

COASTAL  BEACHES.  Assuming  most  coastal  beaches  contain  sand  i 
proximity  to  water,  they  can  be  located  using  the  techniques  for 
delineating  sand  and  water. 

PASTURE.  Pasture  is  very  difficult  to  locate  accurately  because 
it  is  a  land  use  and  not  a  land  cover,  and  because  of  the 
multiplicity  of  conditions  under  which  pasture  occurs. 

Generally,  land  covers  which  are  possible  pasture  locations  can  be 
segmented  with  TM  data  but  the  actual  presence  of  livestock  is 
only  problematic. 

MIXED  CROPLAND.  This  condition  can  be  defined  in  many  ways  and 
because  of  that  was  not  considered  separately.  Agricultural 
areas  can  be  determined  via  image  enhancement  but  not  easily  by 
fully  automated  techniques. 

BRUSH.  Brush  is  definitionally  and  spectrally  difficult  to 
separate  from  forests.  Brush  is  normally  found  in  different 
climatic  regions  than  forest  and  if  this  can  be  ascertained  from 
ancillary  climatic  data,  the  same  techniques  for  location  may  be 
applicable  as  used  for  forest. 

FOREST.  Forest  areas  can  be  spectrally  delineated  with  TM  data 
particularly  with  texture  measures  and  mu  1 1  i  te mpora 1  data  sets. 

The  differentiation  of  various  forest  communities  and  species 
types  is  more  difficult. 


HEIGHT  AND  DENSITY  OF  VEGETATION.  There  are  many  effective 
remote  sensing  measures  for  biomass  estimation.  These  measures 
can  be  correlated  with  vegetative  density  but  not  height. 
0RCHAPD3.  Orchards  are  similar  to  agricultural  fields  and  as 
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such,  can  be  located  as  possibly  being  in  areas  of  agricultural 
production  but  only  occasionally  spectrally  separated  from  other 
crops  . 

AGRICULTURE.  Agricultural  areas  can  be  located  with  image 
enhancement  techniques  by  their  distinctive  patterns.  The 
specific  identification  of  crop  type  by  spectral  classification 
is  much  more  difficult,  especially  in  areas  of  small  fields  and 
heterogeneous  cropping  practices. 

WILDLIFE  HABITAT.  There  are  successful  models,  generally  based 
on  GIS  techniques,  to  locate  areas  of  possible  wildlife.  Many  of 
the  necessary  inputs  to  these  models  can  be  extracted  from 
remotely  sensed  data.  The  location  of  wildlife  habitat  is  not 
the  same  as  the  location  of  wildlife. 

Remotely  sensed  data  can  be  extremely  useful  in  the  location  and 
analysis  of  many  of  the  conditions  of  interest  to  the  Air  Force. 
This  study,  because  of  the  restrictions  applied  and  the 
difficulty  of  considering  each  condition  independently  in  one 
study,  was  limited  in  the  depth  of  analysis  provided  and  the 
ability  to  test  various  analysis  techniques.  Assuming  the  same 
interests  and  restrictions  utilized  in  this  study  continue,  there 
are  several  areas  of  additional  examination  recommended. 

!.  Additional  condition  by  condition  examination  by  automated 
processing  of  TM  data  could  be  tested  using  the  sjgges*ed  mci* 
promising  techniques.  These  techniques  include  texture,  GIS, 
fractals  and  multisensor  data  sets  among  others,  possibly  in  an 


artificial  intelligence  framework.  There  are  many  interesting 
and  promising  analysis  strategies  which  should  be  explored. 

These  strategies  may  be  more  fully  developed  in  a  regional  or 
data  specific  context.  The  spatial  and  temporal  e xtendab i 1 i ty  of 
these  techniques  is  an  additional  area  of  needed  study. 

2.  This  study  made  a  distinct  separation  between  image 
enhancement  and  automated  processing  techniques,  as  is  typical  of 
most  remote  sensing  studies.  This  study  restricted  itself  to 
automated  processing  strategies.  A  less  limiting  and  more 
successful  operational  system  would  incorporate  a  mix  of  man- 
machine  interactions.  This  mix  could  include  a  sequence  of 
automated  processing  strategies  for  features  easily  identified  by 
classification  such  as  snow,  water,  bare  soil,  sand,  and  green 
vegetation  in  association  with  image  enhancements  to  assist 
trained  interpreters  for  other  features  such  as  agricultural 
areas,  lineaments,  and  wetlands  among  others.  A  major  advantage 
of  this  systems  approach  is  that  all  conditions  are  examined 
together  rather  than  independently.  The  exploration  of  various 
man-machine  interfaces  and  the  development  of  sequential 
strategies  and  keys  could  be  extremely  productive.  These 
strategies  will  be  most  effective  if  region  specific  and  with 
analysts  familiar  with  those  regions.  These  regions  may  be  areal 
or  thematic;  for  example  South  East  Asi3  or  tundra  climates. 

3.  A  common  problem  presented  in  this  study  is  the  need  for 
ancillary  information  in  most  delineations.  An  important  area 
for  further  research  is  to  ascertain  what  ancillary  information 


is  available  for  potential  areas  of  interest  and  incorporate  that 
information  in  a  systems  approach  to  condition  assessment.  It  is 
a  mistake  to  utilise  remotely  sensed  data  as  a  sole  informational 
source.  It  is  only  one  possible  data  source  and  most  useful  when 
combined  with  other  data  such  as  elevation,  climate,  vegetation, 
geology,  and  economic  geography.  This  availability  of 
information  should  be  done  on  a  regional  basis  and  incorporated 
into  a  sequential  processing  strategy.  The  construction  and 


utilization  of  a  GIS  will  be  a  logical  approach  to  this  data 
integration.  One  aspect  of  this  data  integration  will  be  the 
availability  of  remotely  sensed  data,  how  historical  remotely 
sensed  data  can  be  accessed  and  utilized  and  a  realistic 
appraisal  of  the  necessity  and  availability  of  recent  or  real¬ 
time  remotely  sensed  data. 

Remote  sensing  is  an  extremely  useful  technique  for  information 
acquisition.  It  is  a  rapidly  expanding  technique  both  in  its 
applications  and  the  availability  of  new  data  and  processing 
strategies.  There  is  a  great  amount  which  is  not  known  about  how 
to  maximize  the  extraction  of  information  from  remotely  sensed 
data.  This  study  has  indicated  the  potential  of  a  particular 
type  of  data.  Thematic  Mapper,  for  a  specified  set  of  conditions. 
Certainly  this  technique  merits  considerable  more  utilization  and 
analysis. 
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APPENDIX 


A 


SELECTED  THEMATIC  MAPPER  AND  ANCILLARY  DATA  AVAILABILITY 

Land sat  TM  scenes  were  identified  which  collectively  contain  the 
conditions  of  interest  for  this  study.  The  relevant  digital  data 
and  images  for  those  areas  were  obtained.  For  each  scene,  this 
appendix  briefly  describes  the  areas,  lists  the  parameters  of 
interest  contained  in  each  area  and  identifies  selected  ancillary 
information  for  utilization  in  the  analysis  of  those  scenes. 

The  ancillary  data  included  the  availability  of  National  High 
Altitude  Photography  (NHAP),  USGS  1:250,000  topographic  and  Land 
Use/Land  Cover  maps  or  digital  data,  USGS  Digital  Terrain  Model 
elevation  data  (DTM),  and  the  availability  of  other  Landsat  MSS 
or  TM  data  which  may  be  of  interest  for  mul t i temporal  analysis 
strati gies. 

The  USGS  NHAP  program  collects  excellent  quality  aerial 
photography  for  essentially  the  entire  United  States.  This 
program  was  initiated  in  the  early  1980's  and  has  nearly 
completed  the  first  nation-wide  collection  and  in  some  areas  has 
begun  a  second  collection  effort.  The  photos  are  obtained  in  two 
formats;  color  infrared  (CIR)  at  a  scale  of  1:58,000  and  normal 
black  and  white  at  1:80,000.  This  excellent  photography  was 
collected  under  cloud-free  and  leaf-off  conditions.  The  second 
cycle  of  this  program  will  be  leaf-on  conditions.  The  photos  are 
indexed  on  microfiche  copies  of  reduced  1:250,000  scale 


topographic  maps.  The  photography  is  relatively  inexpensive  and 
easily  obtained  in  various  scales  and  formats.  These  photos 
provide  valuable  ancillary  data  for  developing  spectral 
signatures  for  classification  of  TM  data  or  for  accuracy 
assessments  . 

Other  photographic  data  can  be  identified  using  the  Aerial 
Photography  Summary  Record  System  (APSRS)  of  the  National 
Cartographic  Information  Center  (NCIC).  ASPRS  is  a  frequently 
updated  listing  of  available  photography  for  the  United  States 
indexed  on  microfiche  by  1:24,000  scale  topographic  maps. 
Frequently,  small  scale  CIR  photography  can  be  obtained  directly 
from  the  USGS  EROS  Data  Center  in  Sioux  Falls,  South  Dakota. 

Topographic  maps  of  the  United  States  are  available  at  a  variety 
of  scales.  An  appropriate  scale  for  working  with  TM  or  MSS  data 
is  1:250,000.  For  specific  studies  larger  scale  maps  may  be 
desirable.  The  USGS  has  also  created  Land  Use  and  Land  Cover 
maps  at  both  1:100,000  and  1:250,000  scales.  Most  of  the  United 
States  has  been  completed  at  the  1:250,000  scale  but  much  remains 
to  be  finished  at  the  larger  scale.  The  land  use/cover  maps  are 
created  from  aerial  photography  and  contain  Level  II  information 
as  listed  in  the  Anderson,  Hardy,  Roach  and  Witmer  (1976)  system. 
These  maps  are  being  digitized  by  the  USGS  and  can  be  purchased 
for  selected  areas  of  the  country  in  that  format.  The  maps  are 
helpful  ancillary  data  for  the  TM  data  and  the  digitized 
information  is  potentially  very  useful  as  one  component  in  a  GIS. 


Digital  Elevation  Models  ( DEM ’  s )  are  digital  records  of  terrain 
elevation  for  ground  positions  at  regularly  spaced  horizontal 
intervals.  Elevation  data  are  available  for  some  USGS  7. 5-mi  note 
(1:24,000)  topographic  quadrangles  and  all  United  States  1  degree 
by  2  degrees  (1:250,000)  maps.  For  the  7.5  minute  data,  the 
ground  distance  between  each  pair  of  digitized  points  is  30 
meters.  The  1:250,000  scale  DEM  data  are  available  in  two  forms: 
1  degree  by  1  degree  blocks  with  a  3-arc  second  distance  between 
each  pair  of  digitized  points;  or  in  1  degree  blocks  with  a 
ground  distance  between  points  equal  to  approximately  200  feet. 
These  elevation  data  are  very  useful  as  ancillary  data  in 
classification  strategies  and  as  components  in  a  GIS. 

A  search  was  also  conducted  for  other  available  MSS  or  TM  data 
for  each  study  site.  Other  Landsat  data  may  be  useful  in 
m j 1 t i temporal  analysis  techniques. 

'..  IMPERIAL  VALLEY,  CALIFORNIA 

A.  Data  and  site  description 

The  TM  scene  was  collected  or.  12  December  1982  and  has  scene 
r.jmber  E- 40  1  49- 1  7  4  4  4  .  This  area  in  Southern  California  has 
frequently  been  the  subject  of  remote  sensing  studies  in  part 
because  of  the  interesting  mix  of  land  covers  and  also  because  of 
the  general  availability  of  good  quality  data  in  this  arid 


en v i r on men t . 


The  primary  land  coders  in  this  region  are  agricultural  fields, 
mostly  irrigated,  and  desert  landscapes  including  some  bare  sands 
and  xerophytic  vegetated  areas.  Water  areas  are  represented  by  a 
portion  of  the  Salton  Sea,  a  small  playa,  the  New  and  Alamo 
Rivers  passing  through  the  agricultural  area  and  various 
irrigated  canals  such  as  the  All  American  and  East  Highland. 

Rock  outcrops  in  a  portion  of  the  Chocolate  Mountains  are  located 
in  the  northeastern  corner  of  the  study  site. 


The  warm  climate,  relatively  fertile  soils  and  availability  of 
water  for  irrigation  from  the  Colorado  River  allows  the  Imperial 
Valley  to  be  a  very  productive  agricultural  area  for  a  wide  range 
of  crops.  Among  the  prominent  crops  are  lettuce,  sugar  beets  and 
cotton.  Feed  lot  beef  cattle  are  also  found  here  because  the 
continuous  growing  season  allows  for  up  to  seven  cuttings  of 
alfalfa  per  year.  The  United  States  and  Mexican  border  is  very 
evident  in  the  TM  image  because  of  the  changes  in  field  sizes  and 
patterns.  Scattered  within  the  agricultural  areas  are  a  number 
of  towns  including  Brawley,  El  Centro,  Calexico  and  Mexicali. 
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C  .  Anc illary  data 


NHAP  CIR  collected  in  1984  and  1985. 

Topographic  and  Land  Use/Cover  (1:250.033) 

Salton  Sea  Topographic  1969 

Land  use/cover  1980  (not  digital) 


El  Centro 


Topographic  1977 
Land  use/cover  1979  (not  digital) 

Additional  Landsat 

A  total  of  41  Landsat  TM  data  takes  have  been  made  for  this 
path/row  (39/37).  Cf  these,  19  are  of  good  to  excellent  quality 
There  are  also  43  scenes  of  similar  quality  MSS  data  available 
for  this  area  since  1981. 


.  MIAMI,  FLORIDA 


A.  Data  and  site  description 


This  TM  scene  (identification  E- 40 1 5 n - I  5 1 8 1 )  was  collected  on  31 
January  1983.  The  subscene  study  area  was  approximately  4000 
square  kilometers  centered  on  Miami,  Florida.  The  primary  land 
cover  in  this  region  is  urban  and  near-urban  features  in  and 
around  the  cities  of  Miami,  Hollywood,  Hialeah,  Fort  Lauderdale, 
and  their  extensive  suburbs.  Water  features  include  numerous 
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reservoirs,  portions  of  the  Atlantic  Ocean,  and  Biscayne  Bay, 
where  some  shallow  shoal  areas  are  evident. 

A  significant  portion  of  the  area  contains  wetlands  along  the 
eastern  edge  of  the  Everglades.  There  are  also  limited  areas  of 
evergreen  and  deciduous  forests  and  rangelands.  Extensive  areas 
of  agriculture,  including  croplands,  orchards  and  pastures  are 
located  in  the  south  and  west  portions  of  this  region. 
Topographically  this  area  is  extremely  flat.  There  are,  however 
some  coastal  beaches. 

B.  Contained  parameters 
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NHAP  CIR  collected  in  1985. 


West  Palm  Beach 


Miami 


Use  /Co v< 


Topographic  1972 

Land  use/cover  1976  (digital) 

Topograph i c  1971 

Land  use/cover  1976  (digital) 


There  have  been  47  TM  scenes  collected  for  path/row  15/42.  Of 
these  only  five  are  of  good  to  excellent  quality.  Since  1981, 
3®  good  or  better  MSS  scenes  have  also  been  acquired. 


3.  LOS  ANGELES,  CALIFORNIA 


A.  Data  and  site  description 


This  TM  scene  collected  on  l®  December  1982  has  identification  E- 
43147-17565.  This  subscene  contains  extensive  urban  areas  in  the 
northeastern  portion  of  the  Los  Angeles  Basin.  Reservoirs  and  a 
very  limited  amount  of  agriculture  are  found  within  this  area. 


The  more  important  features  for  this  study  are  the  San  Gabriel 
Mountains  in  the  north  and  other  mountainous  areas  within  the 
scene.  These  areas  provide  extensive  variations  in  slope  and 
roughness  and  are  primarily  covered  by  brush  vegetation 
( chappara 1 ) . 
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B.  Contained  parameters 
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C.  Ancillary  data 

NHAP  CIR  not  available  under  NHAP. 

Topographic  and  Land  Use/Co..ver  <1:250.000) 

Los  Angeles  Topographic  1975 

Land  use/cover  1977  (digital) 

signal  Laadaal 

There  have  been  41  TM  scenes  obtained  for  path/row  41/36.  Of 
these  scenes,  14  have  30  percent  of  less  cloud  cover  and  band 
quality  ratings  of  5  or  higher.  There  have  also  been  38  MSS 
scenes  collected  since  1981  for  this  area  of  the  same  quality. 

4.  DELEWARE  COUNTY,  INDIANA 

A.  Data  and  site  description 


TM  scene  E-40103-1 
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traditional  township  and  range  land  division  format  of  the 
midwest.  The  primary  crops  in  this  area  are  corn,  soybeans  and 
miscellaneous  grains.  There  is  an  extensive  amount  of  livestock 
activity,  primarily  feedlot  but  with  some  open  pasture,  for  hogs 
and  cattle.  Scattered  within  the  agriculture  fields  are 
broad  leaf  deciduous  forest  woodlots,  some  reservoirs  ar.d 
wetlands.  There  are  also  several  towns.  The  topography  .5 
extremely  flat. 

B.  Contained  parameters 
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N H A ?  Cl?  collected 


Land  use/cover  1981  (digital) 


Forty-eight  TM  scenes  have  been  collected  for  path/row  21/32.  C 
these  only  seven  are  of  good  to  excellent  quality.  In  addition, 
31  MSS  scenes  of  similar  quality  have  been  acquired  since  1991. 


5.  WASHINGTON,  DC 


A.  Data  and  site  description 


This  scene  was  collected  on  2  November  1982  and  has  image 


identification  E-4® 1 90- 1 5 1 40 .  The  subscene  of  interest  is 
located  to  the  west  of  Washington,  DC.  Included  in  this  area  are 
extensive  urban  developments  and  a  variety  of  transportation 


networks.  The  major  river  is  the  Potomac  and  there  are  a  number 
of  smaller  streams  and  several  reservoirs.  The  general  ;y_te~  of 
land  division  is  complex  and  the  resulting  land  cover  patterns 


are  r.ghly  irregular.  There  are  .numerous  areas  of  broadleaf 
deciduous  forest,  very  limited  amounts  of  needle  leaf  evergreen 
frees  and  some  wetlands.  There  3re  frequent  areas  of 
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C .  Anc  lllary  Data 
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ABSTRACT: 


Experiments  were  performed  to  investigate  the  effect  of  high  free- 
stream  turbulence  on  the  turbulent  boundary  layer  flow  and  heat 
transfer.  The  high  turbulence  intensity  was  produced  by  a  wind  tunnel 
jet-grid  system.  An  electrically  heated,  thin  foil  flat  plate  test 
section,  with  0.75"  thick,  12"  wide,  and  60"  long,  was  placed  at  the 
immediate  downstream  from  the  jet-grid  location.  In  the  jet-grid 
system,  the  compressed  air  flowing  inside  the  hollowed  biplanar  square- 
mesh  grids  was  oriented  to  blow  (through  small  injection  holes  uniformly 
distributed  on  the  grid  surface)  in  the  downstream  direction  with  a 
controllable  flow  rate.  The  grid  (circular  tube)  dianeter  and  the  grid 
mesh  length  was  0.25"  and  1",  while  the  injection  hole  diameter  and 
spacing  was  0.052"  and  1",  respectively.  For  the  grid  with  an  51 
injection  ratio,  the  turbulence  intensity  was  about  15%  at  20  grid 
diameters  downstream,  while  the  corresponding  value  was  about  7.5%  for 
the  grid  without  injection.  The  boundary  layer  velocity/turbulence 
intensity  profiles  were  measured  along  the  midplane  of  the  flat  plate  at 
four  axial  locations,  20,  40,  80,  and  120  grid  diameters,  under  twc 
mainstream  velocities,  5C  and  100  fps,  respectively.  The  distributions 
of  the  local  heat  transfer  coefficient  on  the  flat  plate  were  also 
determined.  The  results  slowed  trat  the  Stanton  number  increased  with 
increasing  turbulence  intensity  due  to  grid  injection.  At  the  ful 
turbulent  downstream  regions  'Fe  =  10^),  the  Stanton  nurtt-is  with  arxi 
without  injections  were  about  5  Oh  and  25* ,  respectively,  higher  than 
tout  t:.e  standard  tuisub-nt  cot  re  1  at  ior. ,  whereas-  _it  t  he  '.tty  :  ms. 
tarhubne  LU'treaiT  :  <«;i>  n;.  F*v  =  lC.-h ,  the  cot  ro:  prxiir.s  va  b.er  writ 
4 -out  I  HI;  »  inti  70*  hisht-r.  '■'<  i  <  .«  ^sur  o:.«  nt  .v  art  r  eou  l :  td  .n  ■  :  d<  r  tv 


conclude  the  combined  effects  of  turbulence  intensity,  length  scale,  and 
Reynolds  number  on  the  turbulent  flow  heat  transfer. 
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bCMENOATUKE: 


turbulence  grid  diameter 
friction  factor,  [  (1/2)  PU2] 
specific  heat  at  constant  pressure 
heat  transfer  coefficient 
electric  current  through  foil 

injection  ratio,  injection  mass  flow  rate/ (injection  mass  flow 

rate  +  mainstream  flow  rate) 

thermal  conductivity 

molecular  Prandtl  number,  uCp/K 

turbulent  Prandtl  number 

heat  transfer  rate  per  unit  surface  area 

foil  resistance 

length  Reynolds  number,  UX/v 

momentum  thickness  Reynolds  number 

Stanton  number,  h/(cU  Cp) 

local  temperature 

flat  plate  surface  temperature 

mainstream  air  temperature 

streamwise  turbulence  intensity,  (u,2/U) 1/2; 

also  local  streamwise  turbulence  intensity,  (u,2/u)^2 

mean  streamwise  velocity 

local  streamwise  velocity 

local  streamwise  fluctuating  velocity 

local  normal  velocity 

local  normal  fluctuating  velocity 

Reynolds  stress 


v'T'  Reynolds  flux 

X  streamwise  distance  from  flat  plate  leading  edge 

Y  normal  distance  from  flat  plate  surface 

unhead  starting  length  from  flat  plate  leading  edge 
v  kinematic  viscosity 

mainstream  air  density 
T,  wall  shear  stress 
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I.  INnCDOCTION: 


a 


* 


The  effect  of  free-stream  turbulence  on  turbulent  boundary  layer 
heat  and  momentum  transfer  have  been  recognized  as  one  of  the  critical 
problems  in  turbine  airfoil  design.  In  the  case  of  adiabatic  turbulent 
boundary  layer  flow  over  a  flat  plate,  many  studies  [1-2]  have 
consistently  confirmed  that  increases  of  skin  friction  are  caused  by 
increased  free-stream  turbulence  levels.  However,  the  impacts  of  free- 
stream  turbulence  on  the  turbulent  boundary  layer  heat  transfer  were 
contradictory  as  indicated  by  Simonich  and  Bradshaw  [6].  Some  studies 
[3-5],-  which  based  on  low  Reynolds  number  (Re^)  flow  experiments 
(transitional  boundary  layer  flow)  or  used  coarse  boundary  layer  trips 
or  unconventional  free-stream  turbulence  generating  devices  (large 
length  scale  of  turbulence),  showed  that  the  heat  transfer  rates  were 
not  affected  by  free-stream  turbulence  levels.  Recently,  Simonich  and 
Bradshaw  [6]  and  Hancock  and  Bradshaw  [7]  indicated  that  the  free-stream 
turbulence  effect  depends  upon  the  free-stream  turbulence  intensity  and 
length  scale.  Eased  on  wind  tunnel  grid-generated  turbulence  w'ith 
turbulence  intensity  up  to  6%  and  length  scale  ratio  up  to  5,  they  found 
that  the  Stanton  number  increases  with  increasing  free-streami  turbulence 
and  the  increased  rate  of  Stanton  number  is  larger  than  the  increased 
rate  of  skin  friction  which  implies  that  Reynolds-analogy  factor  (2 
St/Cf)  increases.  They  also  concluded  that  the  Stanton  number  at  given 
turbulence  intensity  decreases  as  the  length  scale  increases,  while  the 
maximum  impact  of  the  free-stream  turbulence  obtained  for  cases  where 
the  boundary  layer  thickness  and  streamwise  dissipation  length  scale  are 
about  the  same. 

Blair  [8-10]  conducted  extensive  experiments  to  determine  the 


influence  of  free-stream  turbulence  on  flat  plate  turbulent  boundary 
layer  heat  transfer  and  mean  profile  development  with  wind  tunnel  grid¬ 
generated  turbulence  intensity  ranging  from  0.25  to  7  percent.  Free- 
stream  multicomponent  turbulence  intensity,  longitudinal  integral  scale, 
and  spectral  distributions  were  obtained  for  the  full  range  of 
turbulence  levels.  In  general,  Blair's  data  support  Simonich,  Hancock, 
and  Bradshaw's  conclusions  in  which  both  the  skin  friction  and  heat 
transfer  were  substantially  increased  for  increased  levels  of  free- 
stream  turbulence,  and  the  Reynolds-analogy  factor  is  shown  to  linearly 
increase  with  increasing  free-stream  turbulence  level.  The  skin 
friction  and  the  Stanton  number  correlations  was  respectively  obtained 
to  account  for  the  effects  of  turbulence  intensity,  length  scale,  and 
boundary  layer  Reynolds  number  (Re05.  He  also  found  that  the 
logarithmic  region  of  the  mean  velocity  and  temperature  profiles  were 
not  affected  by  free-stream  turbulence  levels  and  the  turbulent  Prandtl 
number  (Prfc)  increases  with  increasing  free-stream  turbulence  intensity 
in  most  region  of  the  boundary  layer  except  that  near  the  wall 
(sublayer)  region  where  the  Prt  decreases  with  increasing  turbulence 
intensity. 

In  the  aforementioned  studies  [6-10],  the  effect  of  free-stream 
turbulence  on  turbulent  heat  transfer  were  based  on  the  wind  tunnel 
grid -gene rated  turbulence  with  a  maximum  turbulence  intensity  of  up  to 
6%.  It  is  noted  that  the  turbulence  level,  at  the  nozzle  guide  vane 
(after  combustor)  and  the  second  stage  stator  (after  rotor),  can  be  as 
high  as  15-20%  in  engine  conditions.  It  is  interesting  to  know  whether 
the  results  obtained  in  [6-10]  can  be  extended  to  the  very  high 
turbulence  condition.  In  other  words,  the  Stanton  number  and  the 
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Reynoids-analogy  factor  will  continue  to  increase  with  further 
increasing  turbulence  intensity  or  they  will  reach  a  plateau  at  certain 
high  levels  of  intensity.  However,  it  is  very  difficult  to  obtain  very 
high  free-stream  turbulence  with  the  simulated  length  scale  in  engine 
conditions  by  using  classic  wind  tunnel  grid-generated  turbulence 
experiments.  Recently,  Moffat  [111  investigated  the  effect  of  very  high 
free-stream  turbulence  produced  by  a  free  jet  on  the  turbulent  boundary 
layer  heat  transfer  sponsored  by  NASA  HOST  programs.  In  a  progress 
report  by  Moffat  [11]  at  26  and  48%  turbulence  intensities,  Stanton 
numbers  in  the  margin  of  a  free  jet  were  85  and  350%,  respectively, 
higher  than  the  standard  zero  percent  free-stream  turbulence  condition. 
Detailed  boundary  layer  velocity  and  temperature  profiles,  integral 
length  scale,  and  the  Reynolds  analogy  factor  have  not  been  reported 
yet. 

A  long  term  engine  research  program  was  initiated  by  the  Air  Force 
Wright  Aeronautical  Laboratories  (AFWAL) ,  Aero  propulsion  Laboratory, 
Turbine  Engine  Component  Division  (POTC).  Under  the  1985  USAF-UES 
Summer  Faculty  Research  Program,  Han  [12],  suggested  by  Dr.  Richard 
Rivir  of  AiFWAL/FOTC,  studied  the  effect  of  high  free-stream  turbulence 
from  a  free-jet  on  the  flat  plate  turbulent  boundary  layer  flow  and  heat 
transfer.  Some  preliminary  velocity/turbulence  intensity  profiles, 
friction  factor  and  Stanton  numbers  were  measured.  The  results  shewed 
that  the  Reynolds  analogy  factor  was  much  greater  than  one  for 
turbulence  intensity  up  to  20%.  MacMullin  [13]  followed  up  the  research 
effort  at  AFWAL/POTC.  Detailed  boundary  layer  velocity/turbu] ence 
intensity  and  temperature  profiles,  integral  length  scale,  and  spectra 
were  measured  for  turbulence  intensity  up  to  18%.  The  results  indicated 
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that  the  Stanton  number  and  friction  factor  increased  with  increasing 
turbulence  intensity.  The  Reynolds  analogy  factor  increased  up  to  12% 
of  turbulence  intensity,  then  became  constant  and  decreased  after  15%  of 
turbulence  intensity.  However,  the  influence  of  length  scale,  as  found 
by  previous  researchers,  was  inconclusive  at  the  conditions  tested. 
Further  research  is  required. 

Another  technique  which  had  been  used  to  produce  high  turbulence 
was  the  wind  tunnel  jet-grid  system  [14-15],  In  the  jet-grid  system, 
the  jets  flowing  inside  the  hollowed  grids  can  be  oriented  to  blow  in 
the  upstream  or  downstream  direction  with  a  controllable  flow  rate.  The 
turbulence  intensity  can  be  as  high  has  15%  while  maintaining  isotropy 
and  homogeneity.  Recently,  O'Brien  and  Vanfossen  [16]  applied  the  same 
technique  to  study  the  influence  of  jet-grid  turbulence  on  heat  transfer 
from  the  stagnation  region  of  a  cylinder  in  cross  flow.  They  found  that 
the  jet-grid  provided  turbulence  intensity  of  10  to  12  percent,  for 
downstream  blowing  with  the  blowing  rate  adjusted  to  an  optimal  value 
for  flow  uniformity,  whi]<=  ^.he  heat  transfer  was  37  to  53  percent  higher 
trian  that  the  zero-turbulence  case.  In  the  present  investigation,  the 
similar  jet -grid  system  was  employed  to  study  the  effect  of  high  free- 
stream  turbulence  on  the  boundary  layer  flow  and  heat  transfer. 
Detailed  velocity/turbulence  intensity  profiles  and  the  Stanton  numbers 
were  taken  through  a  flat  plate  placed  at  the  downstream  of  the  wind 
tunnel  jet -grid  system.  The  turbulence  levels  could  be  as  high  as  15% 
at  20  grid  diameters  downstream  from  the  jet-grid  device. 

II.  OBJECTIVES  OF  THE  RESEARCH  EFFORT: 


This  study  is  aimed  to  investigate  the  effect  of  high  free-stream 
turbulence  from  a  wind  tunnel  jet-grid  on  flat  plate  turbulent  boundary 


layer  flow  and  heat  transfer. 


There  are  two  types  of  objectives:  long  range  and  immediate.  For 
the  present  investigation,  the  immediate  objectives  are  restricted  to 
the  following: 

1.  Design  and  construction  a  wind  tunnel  jet-grid  flat  plate  test 
apparatus . 

2.  Instrumentations  the  test  section  for  velocity  (hot  wire 
anemometer)  and  temperature  (thermocouples)  measurements. 

3.  Calibrations  and  preliminary  measurements  for  the  mainstream 
flow  mean  and  fluctuating  velocity  profiles  across  the  boundary  layer  at 
several  downstream  locations  from  the  jet-grid;  calculations  the 
turbulence  intensity,  log-law  velocity,  and  friction  factor 
distributions  on  the  corresponding  measurements. 

4.  Wall  temperature  and  mean  temperature  profile  measurements; 
calculations  the  log-law  temperature  and  heat  transfer  coefficients. 

The  long  range  objectives  are  as  follows: 

1.  Detailed  measurements  on  mean  and  fluctuating  velocity  and 
temperature  profiles,  u,  v,  T,  u'v',  vl1,  to  construct  log-law  velocity 
and  temperature,  and  turbulent  Prandtl  number  Prt  distributions  in  the 
boundary  layer.  Detailed  measurements  on  length  scale  distributions. 

2.  Calculate  the  combined  effects  of  high  turbulence  intensity, 
length  scale,  and  Reynolds  number  on  the  friction  factor  and  heat 
transfer  coefficients. 

3.  Do  the  similar  measurements  as  items  1  and  2  with  one  row  and 
two  rows  film  cooling. 


III.  EXPERIMENTAL  APPARATUS: 


A  schematic  of  the  lew  speed  wind 


35-10 


v%vS,a,;v*:^ 


tunne.l/jet-grid  system  is  shown  in  Figure  1.  The  wind  tunnel  had  an 
inlet  cross  section  of  24"  x  12"  and  a  contraction  ratio  of  4:1.  The 
test  channel  was  6"  high,  12"  wide,  and  60"  long.  The  wind  tunnel  was 
operated  at  the  suction  mode  by  a  7  1/2  hp  axial  blower.  The  jet-grid 
was  placed  between  the  end  of  the  wind  tunnel  straight  section  and  the 
test  channel.  For  the  jet-grid  system,  air  from  a  1200  scfm  compressor 
passed  through  a  pressure  regulator  (air  pressure  downstream  of  the 
regulator  was  about  110  psig),  an  orifice  flow  neter  (the  pressure  drop 
was  determined  by  Validyne  transducer  and  demodulator),  a  control  valve, 
and  entered  injection  chambers.  The  air  was  then  injected  from  the 
injection  chambers  through  snail  injection  holes  uniformly  distributed 
on  the  surface  of  a  biplanar  square-mesh  grid  of  circular  tubes,  as 
shown  in  Figure  2.  The  grid  (aluminum  tubes)  diameter  and  the  grid  mesh 
length  was  1/4"  and  1",  while  the  injection  hole  diameter  and  spacing 
was  0.052"  and  1",  respectively.  The  injection  was  directed  in  the 
downstream  direction  of  the  grid.  The  injection  rate  was  about  3-5%  in 
order  to  produce  the  maximum  isotropic  turbulence.  For  comparison,  the 
turbulence  can  be  produced  by  the  biplanar  square-mesh  grid  with  no  air 
injection  (passive  grid)  and  by  the  same  biplanar  square-mesh  grid  with 
air  injection  (jet-grid). 

B.  Flat  Plate  Test  Section/Instrumentation;  A  sharp  edge  flat 
plate  test  section  was  placed  at  the  downstream  from  the  jet-grid  device 
as  shown  in  Figure  3.  The  distance  between  the  flat  plate  leading  edge 
and  the  jet-arid  surface  was  about  0.625".  The  flat  plate  was  0.75" 
thick,  12"  wide  and  60"  long  and  had  a  1.375"  unheated  sharp  leading 
edge.  The  plate  was  composed  from  a  1/8"  thick  formica  sheet  at  the 
top,  a  1/2"  thick  asbestos  foam  in  the  middle,  and  another  1/8"  thick 
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formica  sheet  at  the  bottom.  The  space  between  the  plate  top  surface 
and  the  channel  ceiling,  and  the  gap  between  the  plate  bottom  surface 
and  the  channel  floor  was  about  4.5"  and  0.75",  respectively.  Twenty- 
seven  pieces  of  stainless  steel  foils  connected  in  series  by  buss  bars 
were  cemented  on  the  top  surface  of  the  formica  plate  to  complete  the 
flat  plate  test  section.  Each  piece  of  thin  foils  had  0.001"  thick,  2" 
wide  and  12"  long.  The  fin  foil  was  powered  (A.C.)  by  a  variac  through 
buss  bars  to  provide  a  nearly  uniform  surface  heat  flux  during  the  heat 
transfer  tests.  A  1/16"  gap,  which  filled  up  with  packing  material,  was 
provided  between  every  two  foils.  The  foil  was  instrumented  by  55,  30- 
gauge,  copper -constantan  thermocouples  in  the  strategic  locations  to 
measure  the  local  surface  temperature  distributions,  as  shown  in  Figure 
3.  The  thermocouples  were  soldered  underneath  the  foil  through  holes  in 
the  flat  plate.  Several  thermocouples  were  soldered  along  the  bottom 
surface  of  the  flat  plate  in  order  to  determine  the  heat  losses  through 
the  flat  plate  during  the  steady  state  heat  transfer  tests. 
Thermocouples  were  also  used  to  measure  the  mainstream  air  temperatures 
at  the  leading  and  the  trailing  edges  of  the  fiat  plate,  and  the 
injection  air  temperature  at  the  injection  chambers.  A  Beckman 
multimeter  was  used  to  determine  the  power  input  to  the  foil  by 
measuring  the  electric  current,  the  voltage  drop,  and  the  resistance 
across  the  foil.  A  6G-channels  Fluke  2285B  data  logger  was  used  for 
temperature  readings  and  data  storages.  An  A  to  D  converter  was 
connected  between  the  data  logger  and  tie  T.I.  microcomputer. 

C.  Automatic  Tcaversing/Hot  Wire  Anemometer;  A  compute r- 


controlled  traversing  device,  which  was  located  on  the  top  of  the  test 
channel,  was  designed  to  hold  the  hot  wire  probe  (TS1  102,  or  DIHA  55  p. 


11)  for  the  boundary  layer  velocity/intensity/ten perature  profile 
measurements.  This  device  could  also  be  moved  manually  to  different 
streamwise  and  spanwise  locations  for  the  similar  measurements.  The 
device  was  made  of  a  Ball  Screw  (0.2"  pitch)  driven  by  a  Sanyo  stepping 
Motor  (40  oz-in,  stepping  angle  1.8°,  200  steps  per  turn,  0.025"  per 
step)  through  a  T.I.  microcomputer.  A  4-channels  TSI  IFA  100  constant 
temperature  anemometer,  a  2-channels  DISA  55D-05  constant  temperature 
anemometer,  and  2  HP  3478A  precision  multimeters  were  employed  along 
with  an  A  to  D  converter  to  the  T.I.  microcomputer  for  hot  wire  signal 
analysis  and  data  acquisition.  The  true  RMS  based  on  200  samples  per  1C 
sec  was  obtained  for  the  turbulence  intensity  calculations.  The 
turbulence  intensity  was  calculated  based  on  the  method  suggested  by 
[17]  for  the  TSI  wire  and  based  on  the  method  provided  by  [18]  for  the 
DISA  wire.  All  the  data  were  reduced  through  a  VAX  8300  microcomputer. 
The  hot  wire  was  calibrated  through  an  ASME  calibrator  (with  a  chamber 
diameter  of  8"  and  a  nozzle  diameter  of  0.5").  A  pitot  tube  probe  was 
insert  at  the  downstream  location  in  the  test  channel  to  check  the 
mainstream  air  velocity. 

IV.  EXPERIMENTAL  RESULTS : 

The  preliminary  experimental  results  will  be  presented  in  this 
section.  Data  were  taken  based  on  a  specific  jet-grid  design,  as 
described  in  the  previous  section,  for  two  free-stream  (nainstrear) 
velocities,  U  =  50  fps  and  100  fps.  The  free-strean  turbulence 
intensity  profiles  produced  by  different  injection  ratios  will  be 
described  first.  The  boundary  layer  velocity/ turbulence  in tens. ty 
profiles  along  several  streamwise  locations  wil  1  then  be  presented  for 
the  cases  of  without  injection  and  with  injections,  respective  iy. 


Final -v,  tiie  effect  of  1 : ee-stieair.  turbulence  (due  to  injection)  on  the 
turbulent  boundary  layer  heat  transfer  (Stanton  number)  will  be 
discussed . 

Maximum. Turbulence  Intensity;  In  reference  [16],  an  isotropic 
turbulence  could  be  obtained  at  X/b  =  16  downstream  from  the  jet-grid 
device.  They  found  that  tie  maximum  turbulence  intensity  was  produced 
under  a  1  to  2%  injection  ratio.  In  the  present  investigation,  the 
free-stream  turbulence  intensity  vs  injection  ratio  at  X/b  =  20  are 
shown  in  Figure  4  for  two  free-stream  velocities.  The  results  show  that 
the  free-stream  (tiie  potential  core)  turbulence  intensity  increases  from 
11.6  to  19.5%  when  the  injection  ratio  chances  from  0  to  5%  for  the  case 
of  tiie  low  free -stream  velocity,  whereas  it  increases  from  10.4  to  11.7% 
when  the  injection  ratio  chances  from  0  to  3.2%  for  the  case  of  the  high 
free-strear  velocity.  Therefore,  a  3%  to  5%  injection  ratio  was  used  to 
produce  trie  r.axinum  turbulence  intensity  for  the  cases  of  low  and  high 
mains treat  velocities  in  the  present  investigation.  The  injection  ratio 
(J)  was  defined  as  the  ratio  of  the  injection  mass  flow  rate  to  the  sum 
of  the  ir.je-cticn  mass  flow  rate  and  the  mainstream  nass  flow  rate. 

Turbulence  Intensity  Decay:  In  order  to  understand  the  turbulence 
intensity  decay  rate  in  the  streamwise  direction,  the  Tu  vs  X/b  are 
shown  in  Figure  5  for  both  TSI  and  DISA  Hot  Wire  measurements.  At  each 
streamwise  location,  data  were  based  on  the  averages  of  10  points 
measurement!  in  the  central  core  region.  In  general,  the  results  fior, 
both  system:;  are  very  sin.i  i  or  except  that  the  Tu  obtained  by  DISA  are 
slightly  lower  tiian  trat  obtained  by  TSI  at  X/b  <  40.  Both  results  show 
that  the  .:t teamwise  tul  ni'-ncc  intensity  decreases  with  increasing 


distance  f  to:  the 


et-cr  i«.i  location. 


;e  results  indicate  that  the 


turbulence  intensity  with  injection  (jet-grid  )  is  higher  than  that 
without  injection  (passive-gric)  and  the  former  has  a  slightly  faster 
decay  rate  than  the  latter  for  both  mainstream  velocities.  The  results 
also  indicate  that  the  turbulence  intensity  with  the  lower  mainstream 
velocity  is  slightly  higher  than  that  with  the  higher  mainstream 
velocity.  With  the  low  mainstream  velocity,  the  intensity  decreases 
from  15%  to  6%  and  from  7.5%  to  4%,  respectively,  for  the  cases  of  with 
and  without  injections  when  the  distance  (X/b)  increases  from  20  to  80, 
while  with  the  high  mainstream  velocity,  the  corresponding  values  are 
from  11.5%  to  4.5%  and  from  6.5%  to  3.5%,  respectively.  It  is 
interesting  to  note  that,  in  the  case  of  without  injection  (passive 
circular  tube-grid),  the  intensity  decay  rates  agree  well  with  that 
obtained  by  Blair  et  al.  [19],  i.e.,  Tu  =  0.78  (X/b)  ,  but  they  are 

lower  than  that  proposed  by  Baines  and  Peterson  [20]  for  the  square  bar- 
grid,  i.e.,  Tu  =  1.12  (X/b)~5/7. 

Velocity/Intensity  Profiles;  The  boundary  layer  velocity/ 
turbulence  intensity  profiles  for  the  cases  of  with  and  without 
injections  were  measured  along  the  tunnel  micplane  at  four  axial 
locations  (X/b  =  20,  40,  80,  and  120)  for  both  low  and  high  mainstream 
velocities.  At  each  iccaticn,  a  total  of  45  points  was  measured  fron 
near  the  flat  plate  (y  =  1/8")  to  the  centeral  core  region  (y  =  2.25"). 
The  results  are  show  in  Figures  6-7  for  the  high  speed  (U  =  ICO  ff.s)  and 
in  Figures  C-9  for  the  low  speed  (U  =  50  fps) ,  respectively.  For  t we¬ 
re  mst  rear.  velocities,  the  boundary  layer  velccity/turbu fence  intensity 
profiles  are  very  similar  at  the  sane  downstream  locations.  The 
st  rear  vise  local  velocity  increases  from  tie  flat  plate  surface  to  t  lie* 
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turbulence  intensity  decreases  from  the  wall  region.  The  local 
turbulence  intensity  was  based  on  the  local  fluctuation  velocity  and  the 
local  mean  velocity.  At  the  upstream,  location,  X/b  =  20,  the  velocity 
profiles  are  distorted  by  the  injection.  However,  at  the  downstream 
locations,  X/b  =  40,  80,  and  120,  the  velocity  profiles  become  uniform.. 
It  is  noted  that  the  tot  wire  was  traversed  in-line  with  the  injection 
holes  (in  the  normal  direction).  It  is  seen  that  the  turbulence 
intensity  profiles  for  the  case  with  injection  are  bigger  than  that 


without  injection. 


The  local  heat  transfer  coefficient  was 


calculated  from  h  =  (q"  -  q"ioss)/(Tw  "  T>^'  where  q "  =  uniform,  surface 
heat  flux  determined  by  the  electric  current  and  the  foil  resistance 
(I2R)  and  check  with  the  electric  current  and  the  voltage  drop  across 
the  foil  (IV);  q"loss  =  the  heat  loss  from  the  flat  plate  top  wail 
(foil)  to  the  flat  plate  bottom  wall  by  conduction  and  the  heat  j  css 
from  the  foil  surface  to  the  channel  walls  by  radiation;  Tw  =  local  wal. 
temperature  (about  105°F);  and  T,  =  mainstream  air  temperature  -  .  • 
75°F)  at  the  leading  edge  of  the  fiat  plate.  It  was,  found  that  t:<  • 

losses  due  to  heat  conduction  and  radiation  were  about  1C  ur 
respectively,  for  the  cases  of  the  high  and  the  low  mainstream 
The  local  heat  transfer  coefficient,  h,  was  then  cor.'.- 
local  Stanton  number,  St  =  h/(.  CpU  ),  where  ,  C.  ,  a:\. 
air  density,  specific  heat,  and  velocity,  reruo.., 
the  local  Stanton  number  vs  Reynolds  nu;  i  <  :  , 

Figures  10  and  11.  The  flat  plate  iarirw.r 
correlations  with  zero  percent  t u r r  i , . ■ 


with  6%  turbulence  intensitv  [81 
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comparisons.  Laminar  correlation:  St  =  0.453  Pr  J  Rex  [1  -  (£/ 

r0.4 


X)  3/4] -1/3;  Turbulent  Correlation:  St  =  0.0307  Pr-0*4  Rex“®*2  [Tw/T00] 
The  local  Stanton  numbers  along  three  axial  lines  are  shown  in 
Figure  10  for  the  case  of  the  high  streamwise  velocity  without 
injection.  The  results  show  that  the  Stanton  numbers  are  fairly  uniform 
in  the  spanwise  direction  and  decrease  with  increasing  Reynolds  number. 
It  is  seen  that  Blair's  data  with  6%  nominal  turbulence  intensity  is 
about  18%  higher  than  that  the  standard  turbulent  correlation  [8],  while 
the  present  data  is  about  5-10%  higher  than  that  Blair's  at  the  fully 
turbulent  region.  Re  =  10®.  It  should  be  noted  that  the  present  flat 
plate  was  placed  immediately  downstream  from  the  grid,  therefore,  the 
turbulence  intensity  was  very  high  (about  20-30%)  at  the  leading  edge  of 
the  flat  plate  then  decay  to  about  7%  at  X/b  =  20  and  to  about  4%  at  the 
trailing  edge  of  the  plate,  X/b  =  120.  The  nominal  turbulence  intensity 
was  about  8%  over  the  entire  plate.  In  contrast,  the  Blair’s  flat  plate 
was  placed  far  downstream  from  the  grid  and  the  turbulence  intensity  was 
varied  from  8%  at  the  leading  edge  to  about  4%  at  the  trailing  edge  of 
the  plate,  i.e.,  a  nominal  turbulence  intensity  of  6%  over  the  entire 
plate.  This  may  be  the  reason  why  the  present  Stanton  numbers  are  very 
much  higher  than  Blair's  at  the  upstream  high  turbulence  intensity 


region  (which  corresponding  to  Re  =  lO5),  and  are  still  about  5-10% 


higher  at  the  downstream  region  (Rex  =  10b).  It  is  suggested  that,  in 
the  near  future,  data  should  be  taken  by  moving  the  flat  plate  far 
downstream  from  the  grid  (X/b  =  20).  Meanwhile,  in  order  to  understand 
the  combined  effects  of  the  turbulence  intensity  and  the  length  scale  on 
the  boundary  layer  heat  transfer,  the  integral  length  scale  should  be 
taken  simultaneously  with  the  velocity/intensity  profile  measurements. 


The  local  Stanton  numbers  along  the  axial  centerline  of  the  flat 
plate  are  shown  in  Figure  11  for  the  cases  of  low  and  high  mainstream 
velocities  with  and  without  injections.  In  general,  for  two  mainstream 
velocities  studied,  the  Stanton  numbers  with  injection  are  about  40%  and 
25%,  respectively,  higher  than  that  without  injection  at  the  leading 
edge  (Rex  =  10"')  and  the  trailing  edge  region  (Rex  *  10°).  The 
increased  Stanton  numbers  are  contributed  by  the  high  turbulence 
intensity  produced  by  the  injection.  The  results  also  show  that,  at  the 
upstream  region,  the  Stanton  numbers  in  the  case  of  the  high  mainstream 
velocity  are  slightly  higher  than  that  the  low  velocity  case.  But,  at 
the  downstream  region,  the  results  are  found  to  be  reversed. 

V.  CONCLUSIONS: 

Within  the  past  12  months,  the  wind  tunnel  with  jet-grid  flat  plate 
test  rig  was  constructed  and  instrumented.  Based  on  a  specific  jet-grid 
design,  the  preliminary  results  for  velocity/ intensity /heat  transfer 
profiles  were  obtained  for  two  mainstream  velocities  and  for  the  cases 
of  with  and  without  injections.  The  following  conclusions  could  be 
drawn: 

1.  The  maximum  turbulence  intensity  (central  core  region),  up  to 
15%  at  X/b  =  20,  could  be  produced  from  the  jet-grid  device  by  using  an 
approximately  5%  injection  ratio. 

2.  The  turbulence  intensity  (central  core  region)  with  injection 
was  about  80-100%  and  30-50%,  respectively,  higher  than  that  without 
injection  at  X/b  =  20  and  X/b  =  80.  The  turbulence  intensity  decay  rate 
with  injection  was  slightly  faster  than  that  without  injection. 

3.  The  detailed  boundary  layer  velocity/intensity  profiles  were 
documented.  The  local  turbulence  intensity  decreased  from  the  flat 


plate  surface  to  the  central  core  region.  The  local  velocity  profile 
was  distorted  by  the  injection  at  X/b  =  20.  But  the  effect  diminished 
at  larger  X/b  ratios. 

4.  The  detailed  heat  transfer  coefficient  distributions  were 
obtained.  The  Stanton  number  increased  with  increasing  turbulence 
intensity  due  to  injection.  At  the  fully  turbulent  downstream  regions 
(Rex  =  10®),  the  Stanton  numbers  with  and  without  injections  were  about 
50%  and  25%,  respectively,  higher  than  that  the  standard  turbulent 
correlation,  whereas  at  the  very  high  turbulent  upstream  regions  (Rex  = 
105),  the  corresponding  values  were  about  180%  and  70%  higher. 

VI.  RBCDHNENQAlTIONS: 

Based  on  this  preliminary  results,  the  jet -grid  technique  seems  to 
be  promising  to  study  the  high  turbulence  heat  transfer  problems. 
However,  in  order  to  conclude  the  combined  effects  of  high  turbulence 
intensity,  length  scale,  and  Reynolds  number  on  the  Stanton  number  and 
the  friction  factor,  the  following  investigations  are  recommended  for 
the  immediate  future: 

1.  Design  several  jet-grid  devices  in  order  to  optimize  the 
maximum  turbulence  intensity  produced  by  the  grid  injection. 

2.  The  flat  plate  should  be  placed  far  downstream  from  the  jet- 
grid  (X/b  =  20)  in  order  to  have  an  uniform  (isotropic)  turbulence 
approaching  the  test  section. 

3.  Measure  the  length  scales,  spectra,  and  velocity  profiles 
simultaneously  across  the  turbulent  boundary  layer. 

4.  Constract  the  turbulent  Prandtl  number  (Pr t )  distributions  by 
neasuring  tlie  mean  and  the  fluctuating  quantities,  u,  T,  u'v',  and  v*T\ 
in  both  streamwise  and  spanwise  directions. 


5.  Measure  the  film  cooling  effectiveness  and  the  heat  transfer 


coefficient  with  film 


cooling  under  the  high 


turbulence  conditions. 
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4  Steel  Injection  Chambers,  6"  Diameter 


Grid  Diameter  (b)  =  0.25" 
Grid  Mesh  Length  =  1.0" 


Injection  Hole  Diameter  =  0.052" 
Injection  Hole  Spacing  =  1.0" 
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Figure  7.  Boundary  Layer  Turbulence  Intensity  Profiles  at 
Four  Axial  Locations. 
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Appendix 


1 .  Fluid  Flow  Data 

2.  Heat  Transfer  Data 
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.6  75 

116 

.119 

7  ; 

.  '25 

116 . 308 

3 

.944 

3  3 

1  , 

.  '25 

12  0 

.302 

7  « 

1 

.^75 

117,444 

3 

824 

34 

1 . 

.  7  7  5 

119 

"  '  ■* 

3 

l 

.325 

120.029 

4 

544 

35 

1 

.825 

1 1 ' 

.  0  0  0 

!  6 

1 

.375 

119.041 

4 

.  255 

36 

1 . 

.375 

119 

.  59  3 

7  “ 

l 

.925 

119. 998 

4 

367 

37 

1 . 

.925 

118 

.784 

3  0 

1 

.975 

117.025 

3 

.826 

38 

1 . 

.975 

118 

.588 

■  j 

2 

.025 

116.756 

3 

.  '84 

39 

•6 

.025 

1 1  7 

J 

2 

.0  75 

I  I  6  .  9  •> 

4 

.291 

4  0 

.07  5 

1  1  9 

.525 

. 

2 

.125 

11 7 . lb  3 

3 

.  06  1 

4  1 

2  . 

.  125 

118 

.  b94 

4  2 

2 

.175 

115.082 

3 

.669 

4  2 

.175 

117 

,4  0b 

4  3 

*3 

.225 

115.916 

3 

.938 

4  3 

■> 

.225 

l  1  8 

.05  3 

4  1 

T 

.275 

116.011 

4 

.  122 

4  4 

.  2  75 

1  1  7 

.  446 

45 

T 

.325 

115.496 

4 

.  228 

45 

2 

.  325 

1  1  8 

,744 

15-30 


X/b- 118.75 

TU% 
9.138 
9.196 
9.036 
8.111 
8.000 
7 . 768 

7.616 

7.617 
7 . 469 
7.905 
6.343 
7  .  266 
7 . 660 
7.824 
7.277 
7.587 
6.854 
7.085 
7.298 

7 . 300 
7.591 
7.762 
6.872 
5.534 
5.281 
4.414 
7.394 
6.430 
5.804 
6  .  589 

7.262 
6.334 
3  .  ~  ’  3 
3  .  1  0  5 
5  3  18 

3.263 
3.48“ 

3.301 
2,324 
2  .  '  8  • 

3  .  b  4  ' 

3  .  2. 8  5 
3.38’ 

3  .  ’  1  1 
3.405 


FLUID 

FLOW  DATA 

FLUID 

FLOW  DATA 

U-105 

FT/SEC 

GRID  X/b- 

22.75 

U-105 

FT/SEC 

GRID  X/b- 
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0.675 

92.087 

12. 660 

1  13 
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51.436 

7.619 

23 

1.225 

50.682 

6.520 

24 

1.275 

51.666 

7.431 

24 

1.275 

50.857 

7.300 

25 

1.325 

51.333 

6.567 

25 

1.325 

51.370 

5.922 

26 

1  .  375 

51.257 

7.274 

26 

1.375 

51.038 

5.438 

27 

1.425 

50.470 

7.312 

27 

1.425 

51.152 

5.774 

28 

1.475 

51.455 

6.878 

28 

1.475 

51.546 

5.543 

29 

1.525 

51.693 

6 . 796 

29 

1  .525 

50.071 

5.242 

30 

1  .  575 

52.005 

6.842 

30 

1  .575 

50.645 

5.584 

31 

1.625 

50 .805 

7.633 

31 

1.625 

50.04  1 

5.171 

32 

1.675 

49.612 

7.443 

32 

1.675 

51.418 

4.737 

3  3 

1.725 

51.189 

6.980 

3  3 

1.725 

51.135 

4  8  6  7 

34 

1.775 

50.575 

7.735 

34 

1.775 

51.387 

5.544 

35 

1.825 

50.513 

8  .  205 

35 

1.825 

50.097 

5.441 

36 

1.875 

49.568 

7.772 

36 

1.875 

49 . e4  3 

5.302 

37 

1.925 

48.474 

8.030 

37 

1.925 

50.7  09 

4.843 

38 

1.975 

49 . 764 

7.907 

38 

1.975 

51.352 

4.996 

39 

2.025 

48.853 

7  .  766 

39 

2.025 

50.6  7  1 

4.96'. 

40 

2.975 

49 . 564 

8.194 

4  0 

2.975 

60.058 

■i  *7  * 

4  1 

2.125 

50 .  3  36 

7.045 

4  1 

2.125 

60.513 

4 . 8 1 : 

'*  2 

2  175 

50.826 

7.534 

4  2 

2.175 

50.851 

4  .  *  i; 

;  ) 

■>  7  "  r 

5  9. 

'  .  3  0  2 

:  3 

2  2  2  5 

r-  :• .  3  5 : 

4  : r  - 

4  ; 

■»  '  J  c. 

50  6  8  6 

7.449 

:  4 

>  ’  ? 

6  1.649 

4  r->  4  4 

2  .  12  5 

50.234 

7.163 

4  5 

2  3  2  6 

51.248 

»  n 

Nil 

>1' 

ri 


| 
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FLU 10  FLOW  DATA 


FLUID  FLOW  DATA 


-  49. 

FT/SEC 

GRID 

X/b- 

80 . 75 

U-  49  . 

FT/SEC 

GRID 

X/b- 

118. 

7  S 

NO 

Y 

VEL 

TU» 

NO 

Y 

VEL 

TU\ 

1 

0 

.125 

40 

.721 

12.425 

i 

0 

.125 

41 

792 

11 

.  336 

2 

0 

.175 

41 

.186 

11.263 

2 

0 

.175 

42 

.365 

11 

.228 

3 

0 

.225 

41 

.112 

11.869 

3 

0 

.225 

45 

485 

9 

.833 

4 

0 

.275 

39 

.620 

12.367 

4 

0 

.275 

46 

215 

9 

.  326 

S 

0 

.325 

42 

.885 

12.452 

5 

0 

.  325 

45 

793 

9 

.8  7  4  | 

6 

0 

375 

43 

.538 

9.793 

6 

0 

375 

43 

515 

8 

.816 

7 

0 

.425 

43 

.832 

10.531 

7 

0 

.425 

42 

327 

9 

.722 

8 

0 

.  47S 

42 

.501 

10.691 

8 

0 

.475 

46 

432 

8 

.151 

9 

0 

.525 

40 

.245 

11.510 

9 

0 

.525 

48 

739 

8 

.  289 

10 

0 

575 

47 

.564 

9.616 

10 

0 

.  575 

45 

505 

9 

.634 

11 

0 

.625 

46 

.134 

9.124 

11 

0 

.625 

46 

417 

8 

.850 

12 

0 

.675 

48 

.296 

8.049 

12 

0 

.675 

46 

886 

8 

.232 

13 

0 

.725 

44 

.279 

10.182 

13 

0 

.725 

50 

520 

5 

.926 

14 

0 

775 

47 

.333 

9.932 

14 

0 

.775 

44 

679 

8 

.343 

15 

0 

.825 

46 

.555 

9.059 

15 

0 

.825 

45 

279 

9 

.127 

16 

0 

.875 

46 

.814 

9.425 

16 

0 

.875 

46 

607 

9 

.  391 

17 

0 

925 

48 

.243 

9.271 

17 

0 

.925 

49 

979 

7 

.106 

18 

0 

975 

49 

161 

8.485 

18 

0 

.975 

47 

751 

8 

.413 

19 

1 

025 

48 

753 

8.587 

19 

1 

.025 

48 

138 

8 

.612 

20 

1 

075 

47 

864 

9.282 

20 

1 

.075 

46 

922 

8 

.222 

21 

1 

125 

50 

226 

7.601 

21 

1 

.125 

50 

503 

6 

.055 

22 

1 

175 

50 

651 

6 . 259 

22 

1 

.175 

48 

856 

8 

.055 

23 

1 

225 

50 

023 

6.518 

23 

1 

.225 

47 

563 

9 

.431  1 

24 

1 

275 

50 

522 

5.761 

24 

1 

.275 

46 

970 

7 

.918 

25 

1 

325 

50 

607 

5.110 

25 

1 

325 

47 

090 

7 

.880 

26 

1 

375 

50 

620 

5.748 

26 

1 

375 

50 

998 

6 

.  169 

27 

1 

425 

50 

621 

5.275 

27 

1 

.425 

51 

620 

5 

.634 

28 

1 

475 

50 

1S9 

7.435 

28 

1 

475 

51 

679 

5 

.709 

29 

1 

525 

50 

400 

7.662 

29 

1 

.525 

47 

780 

7 

594 

30 

1 

575 

51 

047 

6.050 

30 

1 

575 

48 

915 

8 

.296 

31 

1 

625 

51 

576 

4.448 

31 

1 

.625 

49 

875 

7 

.381 

32 

1 

675 

51 

127 

4  06  3 

32 

1 

675 

52 

306 

3 

3  3 

l 

725 

51 

8  32 

3.361 

3  3 

1 

725 

51 

380 

7 

>4 

34 

1 

775 

51 

256 

4.153 

34 

1 

7  75 

51 

942 

4 

}  7  £ 

35 

1 

825 

51 

470 

3.655 

35 

1 

825 

50 

847 

4  2  0 

36 

1 

875 

51 

458 

4.250 

36 

1 

875 

51 

758 

5 

.134 

37 

1 

925 

51 

699 

3.930 

37 

1 

925 

52 

509 

3 

.140 

38 

1 

975 

51 

115 

3.802 

38 

1 

975 

52 

405 

3 

7  i  .} 

39 

025 

50 

880 

3.824 

39 

2 

025 

52 

648 

2 

.854 

40 

2 

075 

51 

24  3 

3.477 

40 

*> 

075 

S  2 

5“  *3  S 

\ 

8  4  1 

4  1 

125 

51 

27  3 

3.605 

4  1 

7 

1  25 

<4  2 

2  S  6 

h  : 

42 

T 

1  75 

4  9 

424 

7.643 

42 

2 

1  75 

5  1 

7  35 

2 

3  2  5 

■:  3 

2  2  S 

c,  l  _ 

04  2 

4 .6  59 

4  3 

7 

2  2  ^ 

5  2 

t  <;  \ 

2 

.3  •  ; 

>1  4 

2!  . 

2  7  5 

■5  9  . 

0  38 

8 . 90  3 

4  4 

2 

2  7  ^ 

^  i 

4  *  1 

i 

4  5 

■> 

325 

50  . 

171 

7  .  508 

i  5 

2 

325 

52 

i  .*  t> 
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HEAT  TRANSFER  DATA: 
0-110  FT/SEC  JET  GRID 


4 


NO 

X 

H 

Rex 

ST 

1 

2.44 

0.763554E+02 

0 . 1 34664E+06 

0 . 107559E-01 

1  © 

2 

4.50 

0 . 511811E+02 

0 . 248611E+06 

0 . 720969E-02 

K 

3 

6.56 

0 . 363630E+02 

0 . 362558E+06 

0 . 512232E-02 

k 

4 

8.63 

0 . 336780E+02 

0.476505E+06 

0 . 474409E-02 

r* 

5 

10.69 

0 . 282768E+02 

0 . 590452E+06 

0 . 398  325E-0  2 

K 

6 

12.75 

0 . 257917E+02 

0 . 704399E+06 

0.363319E-02 

h 

7 

14.81 

0 . 250958E+02 

0 . 818346E+06 

0.353516E-02 

■ 

8 

16.88 

0 . 240766E+02 

0 . 932292E+06 

0.339158E-02 

B 

9 

18.94 

0.229545E+02 

0 . 104624E+07 

0 . 323352E-02 

10 

21.00 

0.229853E+02 

0 . 116019E+07 

0.323786E-02 

i 

11 

23.06 

0 . 217399E+02 

0 . 127413E+07 

0 . 306243E-02 

i 

12 

25.13 

0.218041E+02 

0 . 138808E+07 

0 . 307147E-02 

w 

13 

27.19 

0.213468E+02 

0 . 150203E+07 

0.300705E-02 

> 

14 

29.25 

0 . 208881E+02 

0 . 161597E+07 

0 . 294242E-02 

1 

15 

31.31 

0.213521E+02 

0.172992E+07 

0 . 300779E-02 

■  m 

16 

33.38 

0 . 215049E+02 

0 . 184387E+07 

0 . 302932E-02 

V 

17 

35.44 

0.216975E+02 

0 . 195781E+07 

0.305645E-02 

» 

18 

37.50 

0 . 207101E+02 

0 . 207176E+07 

0 . 291736E-02 

: 

19 

39.56 

0 . 205311E+02 

0 . 218571E+07 

0 . 289215E-02 

c* 

L  " 

20 

41.63 

0.208480E+02 

0 . 229965E+07 

0 . 293678E-02 

* 

L" 

21 

43.69 

0.215892E+02 

0.241360E+07 

0 . 304119E-02 

11 

22 

45.75 

0 . 221456E+02 

0 . 252755E+07 

0 . 311957E-02 

i 

23 

47.81 

0 . 211794E+02 

0.264150E+07 

0 . 298347E-02 

? 

24 

49.88 

0.205743E+02 

0 . 275544E+07 

0 . 289823E-02 

N 

25 

51.94 

0 . 195408E+02 

0 . 286939E+07 

0 . 275264E-02 

,% 

26 

54.00 

0 . 200233E+02 

0 . 298334E+07 

0 . 282061E-02 

» 

27 

56.06 

0 . 219592E+02 

0.309728E+07 

0 . 309332E-02 

1* 

U-105  FT/SEC 

GRID 

£ 

NO 

X 

H 

Rex 

ST 

1 

2.44 

0 . 447779E+02 

0 . 128994E+06 

0 . 659503E-02 

w 

2 

4.50 

0 . 317069E+02 

0. 238143 E+ 06 

0 . 466990E-02 

3 

6.56 

0 . 254751E+02 

0 . 347291E+06 

0 . 375205E-02 

t* 

4 

8.63 

0 . 247091E+02 

0 . 456440E+06 

0 . 363924E-02 

■ 

5 

10.69 

0 . 218839E+02 

0 . 565589E+06 

0 . 322312E-02 

6 

12.75 

0 . 205246E+02 

0.67  47  38E+06 

0 . 302292E-02 

7 

14.81 

0 . 200443E+02 

0 .783886E+06 

0 . 295219E-02 

V“ 

8 

16.88 

0 . 192285E+02 

0.89  3035E+06 

0 . 283203E-02 

’  • 

/* 

9 

18.94 

0 . 184294E+02 

0 . 100218E+07 

0 . 271434E-02 

10 

21.00 

0 . 184  336E  +  02 

0 . 111133E+07 

0 . 271496E-02 

R 

11 

23.06 

0 .  175375E  +  02 

0 . 12204SE+07 

0. 258298E-02 

1  , 

12 

25.13 

0  .  175660S+02 

0 . 1  3  296  3 E  +  0 7 

0 . 253717E-02 

13 

27.19 

0 . L71775E+02 

0 . 14  3878E  +  07 

0 . 252996E-C2 

fTB 

14 

29.25 

0 . 168516E+02 

0.154793E+07 

0 . 248196E-02 

15 

31.31 

0 .  171923E*Q2 

0  .  165708E-t-07 

0 . 253214E-C2 

g 

16 

33.38 

0  .  173171E  +  02 

0 . 176623E+07 

0.255051E-02 

17 

35.44 

0 . 172668E  +  02 

0.1875  37E+07 

0 . 254310E-02 

ft 

18 

37  .  50 

0  . 16662SE  +  02 

0 . 190452E  +  07 

0 .245416E-C2 

« 

19 

39 . 56 

0  . 167434E  +  02 

0  .  209  367E  +  07 

0 .246602E-02 

L* 

20 

41.63 

0  .  169799E  +  02 

0 . 220282E+07 

0 . 250086E-02 

E: 

21 

43.69 

0 . 171234E  +  02 

0 . 231197E+07 

0 . 25219GE-C2 

22 

45.75 

0 . 177021E  +  02 

0 . 2421  12E  +  07 

0.260722E-02 

»\ 

23 

47.81 

0 . 171038E  +  02 

0 . 253027E  +  07 

0 . 251909E-02 

24 

49 . 88 

0 . 167801E+02 

0 . 263942E+07 

0 . 247142E-02 

25 

51.94 

0 . 158002E+02 

0 . 274856E+07 

0.232710E-02 

Ml  ^ 

26 

54.00 

0 . 161189E+02 

0 . 285771E  +  07 

0.237404E-02 

P5  ^ 

27 

56.06 

0 . 177934E+02 

0 . 296686E+07 

0.262066E-02 

<•4^.  -V 
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HEAT  TRANSFER  DATA: 
U-52  FT/SEC  JET  GRID 


NO 

X 

H 

Rex 

ST 

1 

2.44 

0 . 471058E+02 

0 . 641986E+05 

0 . 139703E-01 

2 

4.50 

0 .  335334E+02 

0 . 118520E+06 

0 . 994506E-02 

3 

6.56 

0 .  234227E+02 

0 . 172842E+06 

0 . 694650E-02 

4 

8.63 

0 . 206283E+02 

0 . 227164E+06 

0 . 611777E-02 

5 

10.69 

0 .  170828E+02 

0.281486E+06 

0 . 506626E-02 

6 

12.75 

0 .  155395E+02 

0 . 335808E+06 

0 . 4608  59E-02 

7 

14.81 

0 . 149306E+02 

0 . 390130E+06 

0 . 44  2801E-02 

e 

16.88 

0.141948E+02 

0.444452E+06 

0 . 420977E-02 

9 

18.94 

0 . 134194E+02 

0.498774E+06 

0 . 397982E-02 

10 

21.00 

0 .  133803E+02 

0 . 553096E+06 

0 . 396823E-02 

11 

23.06 

0.126572E+02 

0.607418E+06 

0.375376E-02 

12 

25.13 

0 . 126085E+02 

0 . 661739E+06 

0 . 37  3932E-02 

13 

27.19 

0 . 124144E+02 

0 . 716061E+06 

0 . 368175E-02 

14 

29.25 

0 . 120257E+02 

0 . 770383E+06 

0 . 3  5664  8E-02 

15 

31.31 

0 . 122701E+02 

0 . 824705E+06 

0.363895E-02 

16 

33.38 

0.124158E+02 

0 . 879027E+06 

0 . 368  217E-0  2 

17 

35.44 

0 . 123423E+02 

0 . 933349E+06 

0 . 366038E-02 

18 

37.50 

0 . 119120E+02 

0 . 987671E+ 06 

0 . 353277E-02 

19 

39.56 

0.116593E+02 

0 . 104199E+07 

0 . 345783E-02 

20 

41.63 

0 . 119012E+02 

0 . 1096  31E+07 

0.352956E-02 

21 

43.69 

0 . 122699E+02 

0 . 115064E+07 

0.363892E-02 

22 

45.75 

0 . 124622E+02 

0 . 120496E+07 

0 . 369  592E-02 

23 

47.81 

0 . 119211E+02 

0 . 125928E+07 

0 . 3  5354  5E-02 

24 

49.88 

0.118627E+02 

0.131360E+07 

0 . 351813E-02 

25 

51.94 

0 . 113050E+02 

0 . 136792E+07 

0 . 3  3527  5E-02 

26 

54.00 

0 . 113632E+0  2 

0 . 142225E+07 

0 . 337001E-02 

27 

56.06 

0 . 124039E+02 

0 . 147657E+07 

0 . 36786  5E-02 

U-49 

FT/SEC 

GRID 

NO 

X 

H 

Rex 

ST 

1 

2.44 

0 . 250203E+02 

0 . 606576E+05 

0.786268E-02 

2 

4.50 

0 .  20  5164E  +  02 

0 . 111983E+06 

0 . 644731E-02 

3 

6.56 

0.158255E+02 

0 . 163309E+06 

0 . 497320E-02 

4 

8.63 

0 . 146779E+02 

0 . 214635E+06 

0 . 461257E-02 

5 

10.69 

0. 127067E+02 

0 . 265960E  +  06 

0. 399312E-02 

6 

12.75 

0 . 118547E+02 

0 . 317286E+06 

0.372535E-02 

7 

14.81 

0 . 115333E+02 

0 . 368612E+06 

0  .  362437 E-02 

a 

16 .38 

0  .  110305E  +  02 

0  .  419938E+06 

0  .  3466  37E-02 

9 

18.94 

0 .  104788E  +  02 

0 . 471263E+06 

0 . 329297E-02 

10 

21.0  0 

0  .  104319E+02 

0  .  522589E+06 

0  .  327826E-02 

1 1 

23.06 

0 . 992928E+0 1 

0  .  57 3915E  +  C6 

0  .  312030E-02 

•  n 

25.13 

0  .  994586E+01 

0 . 625240 E+ 06 

0  .  3  12551E-02 

1  3 

27.19 

0 . 985422E  +  01 

0 .676566 E+C6 

0  .  30 96  7  IE- 0  2 

14 

29.25 

0  .  94  3057E*01 

0  .  7  27892E  +  06 

0.296353E-02 

1  5 

31.31 

Q.956307E«-01 

0 .  7792  17E*06 

0. 300521E-02 

1  6 

33.33 

0.969C06E»C1 

0  .  33C54  3E-C6 

0  .  3C4512E-02 

17 

3  5.44 

0.956534E+C1 

0  .  8  3  1  3  6  9  E  ♦  0  6 

0  .  3  0  0  5  9  3  E  -  0  2 

i  a 

3  7.59 

0  .  939696 E+ 01 

0  .  ?  3  3  1  9  5E  +  C6 

0  .  29  24  7  3E-02 

^  j 

39.56 

0  .  913157E«-01 

0 . 9G  4520E-C6 

0  .  2  8696  2E-02 

J 

4  1.63 

0.  i  2 ’ 8  3 1 E ♦ 0  1 

0  .  1  0  3  5  3  5  £  ♦  0  ’ 

0  .  2g1564E-02 

*.  L 

4  3.63 

0  .  > -  4  )  5  2  E  »  0  1 

0  .  1  0  8  7  1  7  e  »  G  7 

0  .  2  9  9  8  1  3  E  -  0  2 

2  2 

45.75 

0  .  <  ’6259E*01 

0  .  1  1  2850E  +  G7 

0  .  30679  2E-02 

2  3 

47.81 

0 .  925621E  +  0 1 

0  .  1  1  0982E  +  0  7 

0  .  290878E-02 

">  A 

*.  i 

49.88 

Q.914901E+01 

0  .  124115E+07 

0 . 237510E-02 

25 

51.94 

0 . 869490E*01 

0. 129247E«-07 

0 . 27  32  39E-02 

26 

54.00 

0 .  877906E  +  01 

0. 1  34  380E  +  07 

0 . 27588  4E-02 

27 

56.06 

0  .  964224E*01 

0 . 1  3  9  5 1  3  E  ♦  0  7 

0  .  303009E-02 

>S-'l 
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A  Multiple  Ratio  Single  Particle  Counter  (MRSPC)  has  been 
proposed  by  Sverdrup  Technology,  Inc.  (AEDC)  for  size  measurements  of 
spherical  particles  of  known  refractive  index  with  diameters  between  0.1 
and  10.0  micrometers  (particle  size  parameter  between  0.64  and  64  for  an 
incident  wavelength  of  0.4880  micrometers).  A  Monte  Carlo  simulation 
program  that  incorporates  measurement  errors  has  been  developed  for 
analyzing  the  sizing  system  performance  and  selecting  detector  placement 
angles  for  the  MRSPC. 

Detector  placement  angles  were  selected  for  particles  with 
refractive  indices  1.33  and  1.776,  respectively,  assuming  an  incident 
light  wavelength  of  0.4880  micrometers.  Particle  size  distribution 
errors  predicted  by  the  simulation  program  are  presented  assuming 
scattered  intensity  measurement  errors  of  up  to  *20  percent  for  different 
numbers  of  detectors  up  to  eight  detectors.  Methods  were  discussed  and 
compared  for  particle  size  interpretation  for  scattered  intensity 
measurements . 

The  results  of  this  study  indicated  that  particle  diameters  can 
be  adequately  distinguished  within  the  given  size  range,  using  as  few  as 
eight  detectors  if  intensity  measurement  errors  are  within  t20  percent. 
Fewer  detectors  are  needed  for  smaller  measurement  errors.  Also,  the 
results  indicate  that  placing  detectors  in  the  back  scattering  region 
offers  no  advantages  in  distinguishing  particle  sizes  over  placing  dll 
detectors  within  the  forward  scattering  region. 
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INTRODUCTION 


Since  the  development  of  electromagnetic  wave  theory,  the 
interaction  of  electromagnetic  waves  with  material  bodies  has  been 
investigated.  Lord  Rayleigh  in  1881  published  a  derivation  of 
electromagnetic  wave  scattering  by  a  small  dielectric  sphere  to  explain 
the  blueness  of  the  sky  [1].  This  derivation,  however,  was  limited  tc 
cases  for  which  the  electromagnetic  wavelength  was  much  greater  than  the 
particle  diameter.  In  1908,  Mie  [2]  published  an  exposition  on  the 


general  solution  of  electromagnetic  scattering  by  a  sphere.  Although 
this  phenomenon  of  scattering  is  often  referred  to  as  light  scattering  by 
particles,  the  general  scattering  laws  apply  with  equal  validity  to  all 
wavelengths.  The  solutions  to  the  scattering  equations  depend  upon  the 
ratio  of  a  characteristic  dimension  of  the  particle  to  the  wavelength  of 
the  incident  electromagnetic  wave  rather  than  explicitly  upon  the 
part.de  size.  This  allows  the  general  scattering  theory  to  be 


applicable  to  seemingly  different  types  of  problems.  For  example,  the 
scattering  of  microwaves  by  raindrops,  the  scattering  of  radiowaves  by 
artificial  earth  satellites,  and  the  scattering  of  light  by  aerosols  are 
similar  phenomena  because  in  each  case  the  wavelengths  of  the 
electromagnetic  waves  are  of  the  same  order  of  magnitude  as  the 
dimensions  of  the  scatterer. 

Two  classes  of  problems  exist  in  the  scattering  of  electromagnetic 
waves  by  a  system  of  particles.  One  class  involves  the  theoretical  or 


expenmenta  1  determination  of  the  scattered  radiation  by  a  known, 
well-defined  system.  The  other  is  to  characterize  the  system  of 
scatterers  (by  such  properties  as  particle  size,  for  example)  from  a 
knowledge  of  the  scattered  radiation,  usually  obtained  by  experiment  [1]. 
There  are  a  wide  range  of  problems  encountered  in  many  areas  of  physical 
science  that  require  particle  size  analysis.  These  include  studies 
pertaining  to  communication  links  through  the  atmosphere  and 
envi ronmental  effects  of  particulate  matter  in  pollution.  The  increased 
demand  for  additional  satellite  communications  capacity  has  stimulated 
the  design  of  microwave  systems  that  operate  at  higher  frequencies  and 
maintain  dual  orthogonal  polarizations  to  allow  two  simultaneous  signal 
transmissions  on  the  same  channel.  At  frequencies  above  10  Gigahertz, 
attenuation  and  depolarization  caused  by  atmospheric  particles  can  reduce 
the  performance  of  radar  and  space  communication  links.  Such  particles 
include  ice  crystals,  rain,  fog  and  snow  [3], 

Effects  of  pollution  on  the  environment  is  determined  primarily  by 
the  characteristics  of  the  particulate  matter  released  into  the 
atmosphere.  For  example,  the  sizes  of  particles  in  city  smog  affect  the 
haziness  of  city  air,  the  depth  of  penetration  of  the  particles  into 
human  lungs  and  the  amount  of  deposition  of  the  particles  on  various 
surfaces  before  winds  disperse  the  smog  [4]. 

A  very  important  and  immediate  application  to  scattering  theory  13 
the  determination  of  the  size  distribution  of  the  particulates  in  the 
exhaust  plume  of  rocket  motors.  In  this  case,  the  particle  size 
distribution  must  be  known  in  order  to  determine  the  effect  of  the 
exhaust  plume  on  the  performance  of  solid  propellant  rocket  motors.  The 
particle  sizing  technique  must  be  adaptable  for  use  in  the  testing 


environment  of  rocket  motor  test  cells.  Mie  theory  is  well  suited  for 
fiber  optics  systems  proposed  for  use  in  an  optical  measuring  device  to 
perform  this  task. 

Progress  in  space  travel,  the  increasing  use  of  manmade 
satellites,  the  Defense  Department's  concern  for  identifying  rocket 
propelled  vehicles  and  the  Strategic  Defense  Initiative  has  stimulated 
the  need  for  understandi ng  the  physics  of  sol  id-propellant  rocket  motors. 
Rocket-propulsion  scientists  have  developed  computer  codes  that  predict 
with  great  accuracy  the  thrusts  and  some  other  performance 
characteristics  of  these  motors.  One  of  the  major  uncertainties  in  these 
codes  is  the  size  distribution  of  particulates  within  the  plume.  The 
size  distribution  is  important  in  the  flow  rate  and  radiation  equations. 
The  development  of  these  codes  relied  heavily  upon  test  data  from  rocket 
motor  test  facilities,  rather  than  a  complete  theoretical  understanding 
of  the  physical  principles  involved  in  the  rocket  motors.  The  test 
facilities  can  simulate  earth's  atmosphere  to  about  100,000  feet.  The 
design  of  rocket  motors  with  specific  performance  characteri sti cs  for 
higher  altitudes  requires  a  more  in-depth  understanding  of  the  physics  of 
rocket  motors.  An  extensive  experimental  analysis  of  the  exhaust,  plume 
is  necessary  in  formulating  the  physical  theory. 

Among  the  more  important  measures  is  the  size  distribution  of 
particulates  within  the  plume.  The  measurement  is  difficult  owing  to  the 
"optical  thickness"  of  the  plume.  Thus  far,  attempts  to  determine  the 
properties  and  size  of  the  particulates  have  led  to  extracting  particle 
samples  from  the  plume  for  analysis  in  a  laboratory.  This  technique 
consisted  of  mounting  a  particle  extracting  probe  into  the  plume  and 
catching  a  sample  of  particles  before  the  probe  was  destroyed  by  the  ‘ugh 
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temperature  of  the  plume.  The  type  of  particles  were  determined,  but  the 
size  measurements  were  unreliable  due  to  the  effects  on  the  particle 
sample  in  collection.  There  is  the  possibility  of  coagulation  [5], 
condensation,  and  deposition  processes  that  would  alter  the  state  of  the 
system  of  particles  during  sample  collection. 

To  overcome  the  problem  of  "optical  thickness,"  a  probe  device  is 
under  construction  that  will  be  used  tc  redirect  and  dilute  a 
representative  sample  of  particles  from  the  plume,  so  that  a  single 
particle  counter,  an  optical  measuring  technique,  may  be  employed  to 
measure  the  particle  size  distribution.  The  optical  measuring  scheme 
[6],  a  multiple  ratio  single  particle  counter  (MRSPC),  proposed  by  the 
Sverdrup  Technology  Group  at  Arnold  Engineering  Development  Center  (AEDC) 
is  illustrated  schematically  in  Figure  1.1.  Light  from  a  laser  passes 
through  a  quarter  wave  plate,  used  to  control  the  polarization,  and  is 
focused  into  a  single  mode  optical  fiber  that  preserves  the  light 
polarization.  The  optical  fiber  guides  the  laser  beam  to  the  mounting 
ring  where  it  is  focused  to  the  center  of  the  ring  by  a  second  lens  as  it 
exits  the  fiber.  Light  scattered  by  a  particle  near  the  beam  focus  into 
the  fiber  optic  probes  is  transmitted  to  photomultiplier  tubes  where  the 
intensities  are  measured  and  stored  by  a  computerized  data  acquisition 
system.  Polarization  filters  may  be  placed  in  front  of  the  fiber  optic 
probes  if  such  measurements  are  desired.  The  theoretical  basis  for 
determining  particle  sizes  from  scattered  radiation  in  most  optical 
particle  sizing  systems  is  Mie  theory  for  spherically  shaped  particles. 
The  intensity  scattered  from  a  spherical  particle  of  known  refractive 
index  into  a  detector  (fiber  optics  probe)  is  dependent  on  the  particle 
diameter,  the  detector  placement  angle  0,  the  polarization  component(s) 
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Figure  1.1.  Schematic  of  a  MRSPC  Proposed  by  Sverdrup 
Technology,  Inc.  ( AEDC)  for  Particle  Size  Measurements. 
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accepted  by  the  detector  and  the  wavelength  of  the  electromagnetic  wave 
incident  on  the  particle. 

In  many  applications  involving  light  scattering  measurements  from 
individual  submicron  particles,  only  lasers  can  provide  adequate  light 
intensity  for  detection  above  the  background  noise  levels  [7].  Usually  a 
continuous  wave  (cw)  gas  laser  operating  in  the  fundamental  (TEMqq)  mode 
is  used  as  the  light  source  for  optical  measurements  of  this  type. 

Lasers  operating  in  the  fundamental  mode  maintain  at  all  cross-sections 
along  the  beam  a  Gaussian  intensity  distribution  [8]  as  illustrated  in 
Figure  1.2.  Under  conditions  usually  attainable  in  laser  particulate 
systems,  the  Gaussian  distribution  can  be  maintained  [9]  throughout 
diffraction  limited  optical  systems.  Use  of  fiber  optics  for 
transmitting  the  laser  beam  is  a  convenience,  not  a  necessity.  For 
rocket  plume  measurements,  the  fiber  optics  allow  delicate 
instrumentation  to  be  located  away  from  the  harsh  environments  of  the 
measurement  sight. 

Typically  the  receiving  optics  of  optical  single  particle  counters 
have  a  narrow  field  of  view  receiving  scattered  light  only  from  a 
particle  transversing  the  beam  near  the  beam  focus.  A  particle  passing 
through  the  beam  continuously  scatters  light  proportional  to  the  incident 
intensity  along  the  particle  trajectory  through  the  beam.  Since  the 
radial  intensity  distribution  of  the  cross-section  of  the  beam  is 
Gaussian,  the  intensity  scattered  into  a  detector  by  a  particle  of 
constant  velocity  transversing  the  beam  perpendicul ar  to  the  bean:  axis 
will  be  a  Gaussian  temporal  profile  as  shown  in  Figure  1.3,  assuming  the 
particle  cross-section  is  much  smaller  than  the  beam  diameter.  The 
amplitude  of  the  scattered  profile  for  a  given  particle  size  is  dependent 


upon  its  path  through  the  beam.  The  width  of  the  Gaussian  profile 
depends  on  the  particle  velocity  vector  and  the  beam  width  at  the 
position  at  which  the  particle  transverses  the  beam. 

Direct  correlation  of  measured  intensities  to  theoretical 
calculations  to  determine  particle  size  depends  upon  an  accurate 
knowledge  of  not  only  the  incident  beam  intensity  and  the  intensities 
scattered  into  the  detectors  of  the  instrument,  but  also  the  path  of  the 
particle  through  the  beam  as  shown  in  Figure  1.3.  For  example,  a  large 
particle  transversing  the  Gaussian  beam  off  axis  through  the  lower 
intensity  region  may  scatter  the  same  amount  of  light  (either  maximum  or 
integrated)  into  a  detector  as  a  smaller  particle  transversing  near  the 
beam  axis  [10].  To  alleviate  this  problem,  Hodkinson  [11]  suggested  and 
Gravatt  [12]  investigated  a  technique  of  ratioed  intensities  of  light 
scattered  into  two  angles  in  the  forward  scatter  region.  This  technique, 
called  a  single  ratio  single  particle  counter  (SRSPC),  provides  a  measure 
of  particle  size  independent  of  the  incident  intensity  and  the  position 
of  the  particle  in  the  beam.  However,  as  seen  in  Figure  1.4  the  ratio  of 
intensities  versus  particle  diameter  scattered  from  spherically  shaped 
particles  has  a  one-to-one  correspondence  only  over  a  narrow  range  of 
small  particle  sizes.  Over  the  size  range  of  interest,  diameters 
.ly<d<10.0u,  the  ratio  of  intensities  for  two  scattering  angles  is  a 
multivalued  function  of  particle  diameter.  Thus,  particle  size 
measurements  over  a  wide  size  interval  using  a  SRSPC  would  result  in 
large  errors  due  to  ambiguity  in  particle  size. 

HiHeman  [13]  suggested  that  multiple  ratios  could  be  used  to 
extend  the  range  of  particle  sizes  that  could  be  measured.  Figure  1.5  is 
a  schematic  of  a  ratio  apparatus  Hirleman  used  for  particle  size 


36-10 


1 


! i 

i 


f 


e 


E 


i'* 

* 

m/ 


* 


t 


analysis.  A  lens  focused  the  laser  beam  to  a  beam  waist  as  shown.  A  f/2 
receiving  lens  placed  at  one  focal  length  from  the  beam  waist  collimates 
light  scattered  by  individual  particles  passing  near  the  focus. 

Scattered  light  enters  nine  annular  irises  (at  =  0.1  -  0.3mm).  The  nine 
center  radii  correspond  to  the  scattering  angles  measured  from  the  laser 
beam  propagation  direction  =  1.5°,  3°,  6°,  9°,  12°,  15°,  18°,  21°,  24 
given  by: 

r .  =  f  tanQ . , 

where  f  is  the  primary  focal  length  of  the  receiving  lens  and  r.  and  0^ 
are,  respectively,  the  center  radius  and  the  scattering  angle  of  the  ith 
detector.  The  annular  iris  tube  assembly  was  constructed  to  allow  only 
axis-parallel  light  to  be  transmitted  to  the  optical  fibers.  Light 
scattered  into  an  angular  ring  at  0^  by  an  individual  particle  near  the 
beam  focus  is  collimated  by  the  receiving  lens  and  transmitted  to  a  ring 
of  optical  fibers.  The  optical  fibers  corresponding  to  each  ring 
transmits  the  light  to  a  respective  photomultiplier  tube.  Utilizing  many 
scattering  angles  would  result  in  several  ratio  curves  similar  to  Figure 
1.4. 

For  any  given  ratio-to-di ameter  curve,  a  measured  ratio  value 
could  correspond  to  several  diameters.  However,  all  measured  intensity 
ratios  for  a  single  particle  scattering  event  must  simultaneously 
correspond  to  the  same  diameter.  For  elimination  of  ambiguity  in  particle 
size  within  a  certain  size  range,  an  ideal  set  of  ratio  curves  |R^(d), 
Rp(d)  ,  ...,  RNR(d)|  corresponding  to  n  scattering  angles,  would  be  one 
in  which  there  is  a  unique  set  of  ratio  values  for  any  diameter  d.  Of 
course  this  is  an  "ideal"  definition  in  that  it  does  not  take  into 
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account  measurement  errors,  which  as  discussed  in  Chapter  3,  also  afreets 
ambigui ty . 

The  sizing  scheme  of  Figure  1.1  allows  scattered  radiation 
measurements  at  any  scattering  angle  (outside  the  incident  beam)  without 
interfering  with  the  particle  flow  field.  Strategically  selecting  the 
scattering  angles  should  minimize  the  number  of  detectors  required  to 
sufficient^  reduce  particle  size  ambiguity  in  size  distribution 
measurements.  The  general  Mie  scattering  equations  are  very  complicated. 
Any  analysis  requires  that  scattering  data  be  generated  for  the  detectors 
of  the  MRSPC  as  a  function  of  diameter. 

There  are  complications  working  directly  with  calculated  intensity 
ratios.  Two  detectors  are  required  for  one  ratio  curve.  There  are  many 
combinations  of  the  detectors  even  if  the  scattering  angles  are  made 
discrete  and  limited  to  a  relatively  small  range  of  detector  angles.  It 
is  not  difficult  to  determine  if  two  diameters  are  distinguishable  on  a 
given  ratio  curve.  If  two  ratio  values  corresponding  to  diameters  d^  and 
d-  are  equal,  or  close  in  value  since  measurement  errors  must  be 
accounted  for,  the  diameters  are  not  distinguishable.  The  difficulty  is 
quantifying  ambiguity  over  the  entire  size  range  so  that  effective 
comparisons  can  be  made  for  different  angles. 

As  seen  from  a  typical  ratio  curve  in  Figure  1.4,  it  is  obvious 
that  more  than  one  curve  is  necessary  to  distinguish  all  particles  sizes. 
For  two  ratio  curves,  it  is  not  the  intersections  of  the  curves,  as  one 
might  suspect,  that  determines  ambiguity  between  two  diameters.  The 
intersections  are  irrelevant.  Two  diameters  are  distinguishable  if  the 
two  corresponding  ratio  values  on  at  least  one  curve  are  not  close  in 
value.  Each  ratio  curve  has  its  own  set  of  ambiguous  diameters.  Each 
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possible  second  curve  used  in  conjunction  with  the  first  ratio  curve, 
eliminates  ambiguity  for  different  diameters.  Again,  quantifying 
ambiguity  directly  from  the  curves  such  that  detector  placement 
comparisons  can  be  made  effectively  is  very  difficult. 

Due  to  the  width  of  the  size  range  of  interest,  the  behavior  of 
the  ratio  curves  as  a  function  of  diameter  and  associated  measurement 
errors  that  can  affect  ambiguity,  the  only  feasible  means  of  quantifying 
ambiguity  and  analyzing  the  sizing  performance  for  a  given  set  of 
detector  angles  is  through  a  computer  simulation  of  the  sizing  system. 

The  objective  of  this  research  was  to  develop  methods  for 
analyzing  the  sizing  system  and  selecting  a  minimum  number  of  detector 
scattering  angles  that  sufficiently  reduces  particle  size  ambiguity.  To 
analyze  the  sizing  system,  a  computer  simulation  program  was  developed 
that  incorporates  measurement  errors  to  get  a  realistic  assessment  of  the 
sizing  performance.  This  program  was  also  used  in  a  search  technique 
both  to  quantify  particle  size  ambiguity  for  angle  comparisons  and 
predict  the  sizing  performance  of  the  MRSPC  as  each  detector  angle  was 
added  to  the  system.  Detector  angles  were  selected  and  analyzed  for 
water  and  aluminum  oxide  particles.  Methods  of  correlating  scattered 
intensity  ratio  measurements  to  Mie  theory  calculations  for  particle  size 
interpretation  were  also  developed  and  compared  using  the  simulation 


SCATTERED  INTENSITY  CALCULATIONS  FOR 
THE  DETECTORS  OF  THE  MRSPC 

The  theoretical  basis  for  determining  particle  sizes  from  scattered 
radiation  in  most  particle  sizing  systems  is  Mie  theory  for  spherically 
shaped  particles.  The  prediction  of  light  scattering  by  irregular  particles 
is  in  general  impossible  [10].  To  emphasize  the  approximations  and  behavior 
of  the  solutions  of  Mie  theory,  the  Mie  scattering  equations  are  presented 
in  this  chapter  followed  by  a  discussion  of  scattered  intensity  calculations 
of  the  detectors  of  the  MRSPC  of  Figure  1.1.  The  scattering  intensity 
equations  are  given  in  the  form  presented  by  Kerker  [1]. 

Scattering  from  a  Sphere  (MIE  Theory) 

A  scattered  wave  is  generated  when  a  plane  monochromatic  wave 
is  incident  on  an  object  possessing  a  discrete  boundary  and  with  optical 
constants  different  from  those  of  the  medium.  The  scattering  object 
in  this  case  is  an  isotropic  homogenous  sphere  characterized  by  a  complex 
propagation  constant  k^,  diameter  d  and  a  complex  index  of  refraction 
m^.  The  particle  is  contained  in  an  isotropic  homogeneous  medium 
that  is  assumed  to  be  a  dielectric  with  a  real  propagation  constant  k^ 
and  real  refracture  index  m^. 

The  electromagn  tic  properties  of  space  must  be  determined  for 

the  incident  wave,  transmitted  wave  (inside  the  object),  and  the  scattered 

-*T  -T 

wave.  The  field  vectors  (E1,  H1  for  the  incident  wave;  E  ,  H  for  the 
^s  s 

transmitted  wave;  E  ,  H  for  the  scattered  wave)  associated  with  the 
wave,  must  obey  the  Maxwell  field  equations,  the  homogeneous  wave  equations, 
and  the  boundary  conditions  that  follow  from  Maxwell's  equations. 
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*  •  ju*'e  J.  w ,  toe  z-axis  is  chosen  to  coi n  ;  :oe  wi  tn  the  .1 1  *'e  :  t  ’  on  j  r 
or  ouaga t i on  «.  ‘  it  trie  incident  wave.  The  center  of  tne  spherical  obje.t 
o’,  no  nies  with  tne  origin  of  the  coordinate  system.  The  incident  plane 
wave  is  linearly  po’arized  along  the  x-axis.  The  scattering  angle 
is  defined  as  tne  angle  measured  from  the  z-axis  to  the  direction  of 
mattered  light  given  by  tne  propagation  vector  kS.  The  angle  ;  is  measu 
tne  x-axis  to  the  projection  of  scattered  1 i jnt  onto  the  xy  plane, 
.ciiirdmate  >•  is  the  distance  from  tne  center  of  tne  particle  to  a 
po'nt  r  observation. 

Lignt  scattering  observations  at  optical  wavelengths  are,  in 
practice,  carried  out  in  the  far-field  zone.  Only  tne  far-field  solatia 
scattered  radiation  polarized  in  the  and  :  azimuths  is  given  by 
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where  \  and  '2  ate  called  the  intensity  functions  and  •  is  tne  wave  1  en  ; 
of  the  incident  light.  The  quantities  ;  j  and  : 2  correspond  to  the  polar 
components  of  scattered  light  perpend  1 cu 1  a r  and  parallel,  respectively, 
to  the  scattering  plane.  The  scattering  plane  is  defined  as  the  plane 
that  contains  the  direction  of  propagation  of  the  incident  lignr  and 
direction  ( ;,  :)  of  observation.  The  quantities  S j  and  Sp.  called  tne 
amplitude  functions,  are  defined  as 
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where  Je+c(p)  and  N^+^lp)  are  the  half  interger  order  Bessel  and  Neumann 

f(2) 

functions.  The  function  |  iS  ]inear  combination  of  these  functions 

;  * 

given  by: 

J(2)  _ _ 

(.')  =  •  ,(■  )  +  X  ,  ( r  )  =  H(^  (.  ).  (2.12) 


(-')  =  X.(r)  =  H;;/  (;). 


(2.12) 


( 2 ' 

H)+X  is  the  half  integral  order  Hankel  function  of  the  second  kind. 

There  are  two  special  cases  of  interest.  Referring  to  Figure  2.1, 

if  yz  is  chosen  as  the  scattering  plane,  the  incident  light  is  polarized 
perpendicular  to  this  plane,  i  =  90°,  Ig  =  0°  and 


1  =  p  2  1  ^  ' 

*  r 


(2.  13) 


However,  if  xz  is  chosen  as  the  scattering  plane,  the  incident  light 
polarization  is  parallel  to  this  plane,  =  0°,  I„  =  0  and 


lo 


(2.14) 


The  intensity  equations  (2.80)  and  (2.81)  are  functions  of 


15) 


called  the  particle  size  parameter.  For  both  small  <,  ■■C.3,  and  large 

3 

‘  ~  “jirv^T"  *  the  scattered  intensities  may  be  approximated  by  simpler 
expressions.  However,  for  ■  within  the  range 
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full  Mi e  calculations  are  necessary 
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To  gain  a  perspective  on  the  behavior  of  the  scattered  intensity 
functions,  polar  plots  are  shown  in  Figures  2.3  to  2.5  for  various  values 
of  a.  The  plots  represent  the  magnitude  of  intensity  scattered  as  a 
function  of  scattering  angle  0  for  the  two  special  cases,  Ig  for  i>  =  90: 
and  1^,  for  $  =  0°.  Figure  2.3  shows  the  scattering  pattern  for  small  », 
called  the  Rayleigh  scattering  region.  For  Rayleigh  scattering,  •  ■••d  and 
the  particle  behaves  as  a  radiating  dipole  antenna.  For  increasing  sizes 
of  3,  Figure  2.4  shows  that  the  scattering  pattern  becomes  more  forward 
directed  until,  as  in  Figure  2.5,  the  forward  (diffraction)  lobe 
dominates  and  side-lobes  appear. 

Scattered  Intensity  Calculations  for  the  Detectors 
of  the  MRSPC  of  Figure  1.1 

For  particle  scattering  measurements,  the  spatial  extent  of  the 
optical  sampling  volume,  simply  defined  as  that  portion  of  the  beam  from 
which  a  particle  scatters  light  into  the  detectors,  is  determined  by  the 
intensity  distribution  in  the  field  of  view  of  the  detectors.  The  field 
of  view  of  each  detector  is  in  the  shape  of  a  cone  with  apexes 
overlapping  at  the  laser  beam  focus.  The  optical  sampling  volume,  also 
called  the  measurement  or  sensitive  volume,  is  small  for  detectors  with 
narrow  fields  of  view. 

In  calculating  the  intensity  scattered  into  a  detector  of  the 
MRSPC  of  Figure  1.1,  it  is  convenient  to  use  the  coordinate  system  of 
Figure  2.1  with  the  origin  at  the  center  of  the  sampling  volume.  The 
radiant  flux  F,  described  by  van  de  Hulst  [14],  scattered  by  a  particle 
at  the  origin  into  the  solid  angle  subtended  by  a  detector  is 
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(2.84; 


where  I ■ nc  is  the  incident  intensity  and  the  angles  9j  and  4.  identify 
the  location  of  the  center  of  the  jt^1  detector.  This  analysis  assumes 
negligible  variation  in  incident  laser  intensity  over  the  particle 
dimensions.  The  angle  £•  and  the  subtended  angle  A<f  are  the  same  for  each 

J 

detector  leaving  F  a  function  of  only  9.  for  a  given  refractive  index, 

J 

particle  size,  and  wavelength. 

A  polarizing  filter,  placed  in  front  of  each  detector,  allows  the 
selective  measurement  of  scattered  light  polarized  either  perpendicular 
Pj  or  parallel  t0  the  plane  of  observation.  For  the  respective 
polarized  components  of  scattered  radiation,  equation  (2.17)  reduces  to 
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The  ratio  of  two  fluxes  collected  by  two  detectors  (P^)  at  angles  9, 
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A  similar  relationship  exists  for  P£  components.  The  ratio  for  one 
polarization  component  to  another  is  also  similar  except  that  the 
integration  over  <t>  does  not  necessarily  divide  out.  For  the  ratio  sizing 
technique,  calculations  of  the  intensities  I,(d,  9-)  and/or  I?(d,  9.)  for 
a  given  particle  refractive  index  and  incident  wavelength  are  sufficient. 

The  computer  program  to  calculate  the  scattering  functions  and 
■'2  integrated  over  a  aq  Was  provided  by  the  Arnold  Engineering 
Development  Center.  A  sample  output  is  included  in  Appendix  A.  A 
typical  plot  of  equation  (2.20)  versus  particle  diameter  d  is  given  in 
Figure  1.4.  This  curve  is  referred  to  as  a  characteristic,  calibration, 
or  sizing  curve. 

The  numerical  search  technique  described  in  Chapter  3  requires  Mie 

theory  calculations  over  a  wide  range  of  scattering  angles  9  .  i9.-_9  , 

3  3  3  min  j  max 

where  9m-n  and  9max  are  the  limits  on  the  range  of  detector  angle 
selection.  For  each  9.,  scattered  intensities,  I  ( d . ,  0.)  for  either  P 

sj  I  J  * 

or  P ^ ,  are  calculated  for  discrete  diameters  within  a  desired  sizing 
interval  dmi  n-'d . ''dmax  in  incremental  steps  of  Ad  =  d.  ,  -  d..  Table 
2.1  summarizes  the  calculations  for  the  intensities. 


36-25 


Table  2.1.  Summary  of  Mie  Calculations  for  the  Search  Technique  of 
Chapter  3. 


DETECTOR  ANGLE  SELECTION  TECHNIQUE  AND  A 
SIMULATION  OF  SYSTEM  PERFORMANCE 


The  problem  of  particle  size  ambiguity  was  addressed  in  Chapter  1. 
As  illustrated  in  Figure  1.4,  a  two-detector  system  (or  a  Single  Ratio 
Single  Particle  Counter)  is  incapable  of  distinguishing  particle  sizes 
over  a  wide  or  general  particle  size  range.  Thus,  it  is  desirable  to 
strategically  locate  a  minimum  number  of  detectors  that  sufficiently 
decreases  particle  size  ambiguity  for  a  size  range  of  interest.  However, 
before  this  can  be  achieved,  it  is  necessary  to  quantify  the  amount  of 
particle  size  ambiguity  existing  for  any  arbitrary  choice  of  n-detector 
placement  angles. 

In  this  chapter,  a  simulation  program  is  described  that  simulates 
the  performance  of  the  n-detector  MRSPC  of  Figure  1.1  incorporating 
measurement  errors  that  are  expected  in  scattered  intensity  measurements. 
Using  this  for  quantifying  particle  size  ambiguity,  a  technique  is 
discussed  for  selecting  a  set  of  n-detector  placement  angles  that 
sufficiently  reduces  particle  size  ambiguity  over  a  desired  particle  size 
range,  in  this  case  0.1  to  10. Ou  (micrometers).  In  a  later  section, 
another  technique  is  described  for  selecting  detector  angles.  This 
technique  has  a  significantly  shorter  computer  time  but  does  not  take 
into  account  measurement  errors  that  might  bias  the  selection  process. 

In  actual  and  simulated  measurements,  scattered  intensities  must 
be  correlated  to  Mie  theory  in  order  to  interpret  the  particle  size.  Two 
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methods  are  discussed  and  compared  using  the  simulation  program. 

Interpretation  of  Particle  Size  from  Measured  Intensities 

Intensity  measurements  scattered  from  individual  particles  into 
the  n  detectors  of  the  MRSPC  allow  a  histogram  of  particle  sizes  to  be 
constructed  over  a  statistically  large  number  of  particle  scattering 
events.  To  ease  experimental  requirements  (Chapter  2),  measurements  are 
correlated  to  theoretical  Mie  data  through  intensity  ratios.  It  should 
be  noted  that  any  means  of  correlation  that  reduces  the  data  to  the  form 
of  equation  (2.20)  is  acceptable.  Calculated  Mie  data  of  Table  2.1,  for 
a  specified  number  of  scattering  angles  put  into  correct  form  (ratioed  or 
other)  serves  as  a  look-up  table  for  measured  intensities.  The  first 
method  of  correlation  discussed,  called  the  ratio  method,  literally 
ratios  the  intensities  for  combinations  of  two  detector  scattering 
angles.  The  second  method  mathematically  treats  the  set  of  scattered 
intensities  from  one  scattering  event  as  components  of  a  normalized 
n-dimensional  vector,  assuming  n  detectors.  This  method  is  referred  to 
as  the  vector  method  of  correlation. 

In  the  ratio  method,  first,  the  intensities  of  Table  2.1 
corresponding  to  a  particular  set  of  n  scattering  angles  are  put  into 
matrix  form  as  shown  in  Table  3.1.  The  intensities  of  Table  3.1  are 
row-wise  ratioed  into  a  ratio  look-up  table,  Table  3.2,  resulting  in  a 
total  number  of  ratios  given  by 

NR  =  n(n- 1  )/2.  (3.1) 

For  example,  if  n  -  3,  there  are  three  columns  in  Table  3.2  calculated 
according  to 


lb -28 


S 


(3.2) 


R1(dJ )  =  I(djf  ©2)/I ( dj ,  Oj). 

R2(dj)  =  l(djt  e3)/l(dj,  ©j) , 

R3(dj)  =  Kdj,  ©3 ) / 1 (dj ,  02). 

The  n  measured  intensities  for  a  particle  scattering  event  are 
ratioed  according  to  equation  (3.2)  giving  a  set  of  NR  measured  ratios, 

|r  ,  R  ,  . . . ,  } ,  to  be  correlated  to  the  ratioed  look-up  table,  Table 

3.2.  In  this  work,  it  is  assumed  that  no  particle  diameters  exist 
outside  the  size  range  of  interest.  The  diameter,  dk>  of  Table  3.2 
producing  the  least  squared  error, 

NR 

Error(dk)  =  £  [R.(dk)  -  rJ1]2,  (3.3) 

i  =  l 

is  accepted  as  the  measured  diameter  corresponding  to  the  measured 
ratios.  In  this  manner  every  set  of  measured  ratios  produces  a  measured 
diameter.  For  actual  measurements,  a  consistency  check  [13]  for  all 
ratios  would  aid  in  excluding  particle  sizes  outside  the  size  range  of 
interest  that  might  pass  through  the  sensitive  volume.  A  consistency 
check  is  comparing  each  measured  intensity  ratio  to  the  corresponding 
theoretical  ratio.  If  the  values  are  not  reasonably  close,  the  particle 
is  assumed  to  be  outside  the  size  range  of  interest. 

There  are  techniques  other  than  intensity  ratios  for  correlating 
measured  data  to  a  look-up  table  of  theoretical  calculations  to  determine 
the  particle  size.  One  such  alternative  is  to  row-wise  vector- norma li ze 
the  intensities  of  Table  3.1  as  illustrated  in  Table  3.3.  An  element, 
i-(dj),  of  the  vector  look-up  table,  Table  3.3,  denotes  the  i component 
of  a  unit  vector  corresponding  to  diameter  d  .  Each  intensity  of  Table 


Table  3.3.  Mie  Intensities  of  Table  3.1  in  Vector-Normalized  Form. 
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3.1  corresponding  to  diameter  d.  becomes  a  component  of  a  normalized 

3 

vector  calculated  according  to 


I(dr  8,) 

n 

20  [Kdj,  o()f 

i*  1 


(3.4) 


A  set  of  n  measured  intensities,  scattered  into  the  detectors  for  a 
particle  scattering  event,  form  a  vector  which  must  be  normalized 
according  to  equation  (3.4).  The  measured  unit  vector  corresponds  to  a 
diameter  yet  to  be  determined  and  may  be  written  as 
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where  the  superscript  M  denotes  "measured"  as  before. 
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vector  A  is  compared  to  each  row  of  Table  3.3  (vector 
the  dot  product 
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The  measured  diameter,  d  ,  is  the  diameter  d.  of  Table  3.3  for  which  the 

J 

dot  product  of  equation  (3.6)  is  the  greatest  (maximum  =  1). 

Simulation  Program  for  the  Particle  Sizing  System 

To  effectively  quantify  ambiguity,  a  Monte  Carlo  simulation 
program  was  developed  for  the  sizing  scheme  of  Figure  1.1.  Measurement 
errors  affect  the  amount  of  ambiguity  as  demonstrated  in  Figure  3.1.  The 
ratio  value  R  =  2.25  corresponds  to  the  diameters  4.4,  4.75,  6.7,  7.0, 
8.25  and  8.6u.  However,  with  uncertainty  in  the  ratio  measurement 
(shaded  region),  possible  diameters  are  in  the  neighborhood  of  0.2,  4.4, 
4.75,  5.5,  6.7,  7.0,  8.25,  and  8.6u  .  To  effectively  model  the  sizing 
system,  these  errors  should  be  representative  of  errors  generally 
encountered  in  actual  intensity  measurements.  The  simulation  technique 
is  outlined  as  follows: 

1.  The  scattering  angles  are  selected  for  an  n-detector  system. 

2.  The  calculated  Mie  intensities  of  Table  2.1  corresponding  to 
the  n  scattering  angles  are  ratioed  or  vector-normalized. 

3.  Measured  scattered  intensities  are  simulated  for  each  particle 
of  an  input  distribution  by  introducing  errors  onto  the  calculated 
intensities  scattered  into  the  detectors  for  that  particle  size. 

4.  The  "measured"  intensities  for  each  input  particle  are 
ratioed  or  vector-normalized  and  compared  to  the  calculated  Mie 
intensities  constructing  an  interpreted  size  distribution,  for 
convenience  called  the  "measured"  distribution. 

5.  The  "measured"  and  input  distributions  are  compared  for  a 
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The  techniques  for  selecting  the  scattering  angles  are  discussed 
in  later  sections,  although,  any  choice  and  number  of  angles  may  be  used 
in  the  simulation  program. 

An  input  distribution  of  particle  sizes  is  generated  over  a 
subinterval  of  the  particle  size  range  [dmin,  dmax]  by  either 
systematically,  or  randomly  selecting  a  statistically  large  number  of 
particle  diameters  according  to  an  input  distribution  function  n^d). 

This  selected  input  diameter  can,  in  general,  take  on  any  value  within 
the  continuous  size  subinterval.  For  each  d,  the  Mie  intensities  { I ( a , 
Op'  I ( d ,  62),  ...,  I ( d ,  Qn)f  are  obtained  from  Table  3.1,  interpolating 
as  necessary. 

A  simple,  yet  effective,  means  of  simulating  measured  intensities 
is  to  assume  that  a  "measured"  intensity  scattered  into  a  detector  is  the 
calculated  value  in  error  by  a  percentage  of  the  calculated  value. 

A  number  is  randomly  selected  within  the  interval  [Emin,  Emax],  where 
E.  may  be  a  function  of  the  scattered  intensity.  Measured  intensities 
are  simulated  for  a  diameter  d  by  introducing  errors  onto  each  Mie 
intensity  according  to 

IM(d,  6.)  =  I (d,  9.)  +  E.  I (d,  0i),  (3.7) 

where  E^  is  the  error  randomly  selected  for  the  i^  detector  for  each 
particle  processed.  The  interval  [Emin,  Emax]  is  referred  to  as  the 
error  interval . 

The  "measured"  intensity  values  are  compared  to  the  look-up  table 
yielding  a  "measured"  diameter  d  .  The  particle  size  range  [dmin,  dmax] 
is  divided  into  size  bins.  As  each  input  particle  size  is  analyzed,  the 
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'■  r-C.it  and  Jiu  red"  diameters  or-.-  stared  in  respective  sic-  tvs 

(different  distributions),  thus  constructing  input,  n’(d.),  and 
M 

"measured,"  n'  (dj),  distributions  of  discrete  diameters  that  can  be 

numerically  compared.  For  this  study,  the  size  interval  [O.lu,  10.0..]  i; 

divided  into  100  size  bins  denoted  by  d..  Particle  diameters  within  a 

J 

subinterval  [d.  -  0.05u,  d.  +  0.05 y]  are  grouped  into  the  size  bin  d., 

J  J  J 

except  for  bins  d^  =  O.lu  and  d^  =  10. Ou,  which  span  naif  this  size 

subinterval.  The  distribution  n(d.),  for  either  input  or  "measured,"  is 

defined  by  dn  =  n(d.).td,  where  dn  is  the  number  of  particles  within  the 

J 

size  interval  of  the  bin. 

The  amount  of  ambiguity  is  quantitatively  determined  from  the 
error  in  the  "measured"  to  input  distributions,  calculated  by 


Err  = 


M ,  .  n2 

-  (dj)]  . 


Monte  Carlo  Search  Technique 

Detectors  for  the  sizing  scheme  of  Figure  1.1.  may  be  placed  at 
scattering  angles  9  •  <9<9  ,  .  There  are  cases  for  which  the  ranqe  or 
placement  should  be  restricted.  For  example,  Hodkinson  [11]  suggested 
and’Gravatt  [12]  offered  evidence  that  the  forward  lobe  region 
(diffraction  dominated)  is  least  affected  by  the  index  of  retraction. 
Thus,  if  the  particles  being  sized  are  of  unknown  composition  or  of 
variable  refractive  index,  detectors  should  be  located,  if  reduction  of 
ambiguity  permits,  only  at  forward  scattering  angles.  If  the  refractive 
index  and  particle  shape  are  known  and  reasonably  constant,  the  full 
range  of  9  might  allow  sufficient  reduction  of  ambiguity  with  a  lesser 


number  of  detectors. 


36-35 


ft 


For  a  given  size  range  of  interest,  it  is  desirable  to  determine 
the  minimum  number  of  detectors  that  sufficiently  reduce  the  particle 
size  ambiguity.  The  Mie  scattering  equations  are  too  complicated  to 
allow  general  analytical  solutions  to  this  problem.  Therefore,  a 
comparative-type  numerical  analysis  is  required.  A  generalized  search 
technique  is  needed  that  can  be  applied  for  each  application  of  the  sizing 
instrument.  There  are  limitations  placed  on  any  such  numerical  analysis. 
First  the  scattering  angles  and  diameters  must  be  made  discrete  as 
illustrated  in  Table  2.1.  Then  ideally,  the  search  would  begin  with  a 
small  number  of  scattering  angles,  compare  existing  ambiguity  for  all 
possible  combinations,  and  continue  with  additional  angles  until 
sufficient  ambiguity  reduction  is  achieved.  However,  due  to  the  large 
amounts  of  data,  it  is  impractical  even  with  the  use  of  presently 
available  high  speed  computers  to  compare  all  combinations  of  angles  for 
more  than  two  or  three  detectors,  depending  on  the  range  of  angles  and 
diameters  and  their  respective  spacing.  A  good  search  technique  can 
locate  a  minimal  combination  of  scattering  angles  that  work  well  in 
reducing  particle  size  ambiguity,  but  to  determine  if  the  set  is  truly 
optimum  is  impractical. 

A  Monte  Carlo  search  technique  was  developed  because  it  can 
incorporate  measurement  errors  which  affects  particle  size  ambiguity  as 
explained  earlier.  This  technique  utilizes  the  simulation  program  to 
quantify  ambiguity  for  a  set  of  n  detector  scattering  angles  as  the 
number  and  placements  of  detectors  are  varied.  The  search  technique  is 
outl i ned  as  foil ows : 

1.  The  size  range  of  interest,  [0.1;.,  10.0..],  is  divided  into  the 
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anie  3.4.  Size  Subintervals  for  Distributions. 


1  nput 

"Measured" 

Subinterval s 

Distribution 

Di stribution 

1 

[O.lu, 

2 . 0  u] 

"i«v 

M,  ,  i 
ni  dj 

2 

[2.0u, 

4. Ou] 

n  2  ( d  j ) 

M 

n2(dj  ) 

3 

[4 . 0  u. 

6 . 0  u] 

n3(dj> 

nM(d.) 

J  J 

4 

[6 . 0  u. 

8. On] 

n«(<y 

M 

n  .  (  d  . } 

4 v  j' 

5 

[8.0-,, 

10.0',] 

n5(dj> 

M 

n5(d.; 

2.  An  input  particle  size  distribution  is  assumed  over  one  of  the 
size  subintervals.  The  Monte  Carlo  simulation  program  is  applied  to  all 
combinations  of  two  scattering  angles  of  Table  2.1.  The  combination  for 
which  the  ambiguity  is  the  least,  as  determined  from  equation  (3.8',  is 
chosen  as  the  first  two  detector  scattering  angles  for  the  MRSPC,  thus 
establishing  a  two-detector  system,  (9^,  O^). 

3.  The  Monte  Carlo  simulation  is  then  applied  independently  to 
each  of  the  five  subintervals  of  Table  3.4  using  the  two-dete^ tc r 
scattering  angles  previously  selected.  This  determines  an  ov.-all  amount 
of  ambiguity  and  an  amount  for  each  subinterval.  The  size  interval  with 
the  greatest  amount  of  ambiguity  is  used  in  selecting  the  next  detector 
scattering  angle. 

4.  The  simulation  program  is  applied  to  sets  of  three  scattering 
angles  (9j,  9^ ,  9 ^ ) ,  where  9  ,  called  a  trial  angle,  represents  one  of 
the  remaining  scattering  angles  of  Table  2.1.  The  angle  9  that  best 


complements  9^  and  9^  in  reducing  size  ambiguity  for  the  subinterval  from 
step  3  with  the  maximum  ambiguity,  is  chosen  as  the  third  detector 
scattering  angle. 

5.  Additional  detectors  are  added  in  this  manner  until  sufficient 
reduction  in  particle  size  ambiguity  is  achieved. 

In  order  not  to  bias  a  particular  range  of  particle  sizes  within  a 
subinterval  during  the  search,  a  flat  distribution  of  particle  sizes  was 
assumed  over  each  subinterval.  Rather  than  rely  on  a  random  number 
generator  to  generate  the  flat  distribution,  the  diameters  for  the  inpu: 
distributions  are  generated  by  stepping  across  the  size  subinterval  in 
diameter  steps,  ISTEP,  determined  by 

ISTEP  =  — -XNp-  -dm  — ,  (3.9) 

where  dmin  and  dmax  are  respectively  minimum  and  maximum  diameters  of  the 
i^*1  subinterval  of  Table  3.2  and  NP  is  the  number  of  particles  making  up 
the  input  distribution.  Also,  for  uniformity  throughout  the  search  for  a 
particular  scattering  angle,  the  same  set  of  random  numbers  is  used  for 
E.j  in  simulating  "measured"  intensities  by  initializing  the  random  numoer 
generator  each  time  a  new  trial  angle  is  analyzed. 

The  advantages  of  the  Monte  Carlo  technique  are  obvious  from  the 
standpoint  that  angle  selections  are  determined  from  a  prediction  of  the 
MRSPC  performance.  Measurement  errors  based  on  the  actual 
instrumentation  can  be  used  for  simulating  measured  scattered 
intensities.  However,  a  disadvantage  is  the  large  amount  of  computer 
time  required  for  the  search. 


Ambiguity  in  particle  size  as  shown  in  Figure  1.4  exists  where  a 
given  intensity  ratio  corresponds  to  more  than  one  diameter.  This 
concept  can  be  extended  to  multiple  ratio  curves  by  examining  Table  3.3. 
Ambiguity  exists  between  two  diameters  d.  and  d.  if  the  dot  product 
I (d- ) -T(d.  )~1 .  This  suggests  that  a  quantitative  amount  of  ambiguity  for 
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a  given  n-detector  systems  might  be  determined  from  the  dot  products  of 
all  combinations  of  the  vectors  of  Table  3.3.  The  dot  products  put  into 
matrix  form  are  shown  in  Table  3.5.  The  resulting  matrix  is  symmetric 
about  the  diagonal  with  all  diagonal  elements  equal  to  one.  The  maximum 
value  of  any  element  is  1  because  all  vectors  are  unit  vectors.  It  would 
be  desirable,  for  minimum  ambiguity,  to  find  a  combination  of  n-detectors 
for  which  all  off-diagonal  elements  are  small  in  value,  close  to  zero. 
Since  the  matrix  is  symmetric,  only  the  upper  triangle  needs  to  be 
considered.  The  first  off-diagonal  elements  represent  comparisons  of 
diameters  d.  and  d.  +  ,,  two  neighboring  sizes  within  the  size  range.  If 

J  vJ  * 

distinguishing  these  diameters  is  unimportant,  then  this  off-diagonal 
need  not  be  considered.  The  summation  of  the  matrix  values  of  the  upper 
triangle, 

N-l  N 

AREA  =  L  Z  T(dj)  '  T(dk}  (3.10) 

j=l  k=j+l 

serves  as  a  quantitative  measure  for  an  amount  of  ambiguity  for  a  set  of  n 
detectors,  where  N  is  the  number  of  discrete  diameters. 


RESULTS 


Mie  theory  calculations  must  be  performed  for  Table  2.1  before 
applying  the  techniques  discussed  in  Chapter  3.  This  requires  a 
knowledge  of  the  incident  light  polarization  and  wavelength,  the 
polarization  of  light  accepted  by  the  detector  (if  polarizing  filters  are 
used),  the  solid  angle  subtended  by  a  detector,  the  refractive  indices 
of  the  particles  and  surrounding  medium,  and  the  range  and  incremental 
steps  for  both  the  scattering  angle  and  diameter.  For  the  development 
and  evaluation  of  the  techniques,  calculations  were  made  for  the 
following  conditions. 


1.  The  incident  laser  beam  is  polarized  perpendicular  to  the 
plane  of  the  detectors.  The  wavelength  of  the  incident  beam  is  0.4880  . 

2.  Polarizing  filters  placed  ir.  front  of  the  detectors  transmit 
only  scattered  light  polarized  perpendicular  to  the  scattering  plane, 
thus  allowing  calculations  from  the  integral  of  the  intensity  function 
'j,  equation  (2.20). 

3.  A  detector  subtends  a  solid  angle  for  which  '9  =  :  =  2.53; 

for  calculations  of  equation  (2.20). 

4.  The  medium  containing  the  particle  is  assumed  to  have  a 
refractive  index  of  1.0.  The  particles  are  assumed  to  be  water  particles 
with  a  refractive  index  of  1.33. 


5.  Calculations  were  made  for  each  scattering  angle  6  9  174"  in 


increments  of  1",  for  particle  diameters  within  the  size  0.1,  <1  10.0 


in  O.Olu  steps.  Note:  Mie  equations  were  used  to  calculate  the 


intensities  in  steps  of  O.lu.  Table  2.1  was  refined  to  O.Olu  steps  using 
Newton's  Forward  Difference  Interpolation  Technique  [15].  Mie 
calculations  are  plotted  in  Figure  4.1  with  and  without  interpolated 
values.  As  shown  in  the  plot,  the  interpolated  values  agree  closely  with 
the  calculated  values. 

An  evaluation  of  the  Monte  Carlo  simulation  program  and  the  Monte 
Carlo  search  technique  is  given.  The  ratio  method  is  used  for  particle 
size  interpretation.  The  results  of  detector  angle  selections  are  given 
for  water  droplets  assuming  measurement  errors  described  for  equation 
(3.7).  The  selected  scattering  angles  and  predicted  sizing  performance 
of  the  MRSPC  for  aluminum  oxide  particles  for  each  of  three  wavelengths, 
0.4880u,  1.06u,  and  1.32u,  are  presented.  A  comparison  of  the  ratio 
method  and  vector  method  for  particle  size  interpretation  is  presented 
along  with  the  angles  selected  for  the  detectors  using  the 
vector  method. 


Evaluation  of  the  Simulation  Program 
The  Monte  Carlo  search  technique  requires  large  amounts  of 
computer  time.  Both  NP,  the  number  of  particles  per  input  distribution, 
and  \d,  the  diameter  step  size  for  the  look-up  table,  Table  3.1,  greatly 
affect  the  computer  time.  Scattering  angles,  selected  arbitrarily,  were 
analyzed  using  the  simulation  program  to  determine  the  effect  of  NP  on 
the  distribution  errors,  equation  (3.3).  The  simulation  program 
generates  simulated  scattered  intensity  measurements  by  introducing 
random  errors,  equation  (3.7),  onto  calculated  intensities.  In  any 
neighborhood  of  a  diameter  of  the  input  distribution,  there  should  be  a 
sufficient  number  of  particles  generated  by  the  simulation  program 
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to  insure  a  representative  sample  of  random  error  combinations  for  the 
simulated  intensities. 

To  determine  a  minimum  allowable  NP,  the  simulation  program  was 
used  to  generate  i nput-to-"measured"  distribution  errors  for  values  ot  NP 
between  100  and  3000  for  an  arbitrary  set  of  angles,  j6“,  9°,  12°,  15' f. 
The  diameter  step  size  cd  =  O.Olu  was  used  for  this  analysis.  The 
"measured"  distributions,  for  this  set  of  angles  as  NP  was  varied, 
contained  incorrectly  sized  particles  at  the  same  diameters  for  NP  50C. 
Particles  at  diameters  of  the  "measured"  distribution  outside  the  inpu‘ 
size  interval  indicate  ambiguity  with  diameters  within  the  input  size 
interval.  The  square  root  of  the  distribution  errors  is  proportional  to 
NP,  illustrated  in  Figure  4.2,  if  a  statistical  number  of  particles  are 
used  for  the  Monte  Carlo  simulation.  Each  curve  represents  the 
distribution  errors  for  one  of  the  five  size  intervals  described  ir  'able 
3.4.  The  plots  indicate  that  NP'-SOO  should  be  sufficient  to  maintain 
statistical  results.  Similar  results  were  obtained  for  other 
combinations  of  four  detectors  and  the  results  were  even  better  for  a 
larger  number  of  detectors.  For  the  remainder  of  this  work,  NP  -  500. 

To  determine  a  maximum  allowable  vd,  the  Monte  Carlo  search 
technique  was  used  to  select  detector  scattering  angles  and  predict  the 
performance  of  the  sizing  system  for  values  of  d  between  0.01  and  ... .  1  . 
Detector  angles  selected  from  a  restricted  range  ot  9  and  the 
correspond i ng  distribution  errors  for  the  diameter  step  sizes  0.02  , 

0.03  ,  0.05  ,  and  0.1  are  given  in  Table  4.1.  Each  row  of  the  table 
represents  the  input-to-"measured"  distribution  errors  calculated  tie 
search  program  as  each  detector  angle  is  selected.  Input  and  "measured" 


Table  4.1.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Water  (m  =  1.33  at  \  =  0 . 4880u )  with  [Omin,  Qmax]  =  [6;,  60° ],  fEmin, 
Emax]  -  [-0.2,  0.2]  and  NP  =  500. 


Detector  Number 

DISTRIBUTION  ERRORS  Angles  of 


I 

II 

III 

IV 

V  (degrees) 

Detectui 

7112 

9644 

10890 

10674 

8966 

15,38 
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6254 

7350 
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6548 
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distributions  are  plotted  in  Figures  4.3  to  4.9  for  'd  =  0.02.  to 
illustrate  distribution  errors  as  each  detector  is  added.  The  sets  of 
selected  detector  angles  in  Table  4.1  have  several  angles  in  common,  or 
at  least,  close  in  value,  although  the  angles  are  selected  in  a  different 
order  for  each  'd.  The  set  of  angles  for  td  =  0.05„  has  two  angles 
distinctly  different  from  angles  of  the  other  sets. 

Of  importance  is  the  effect  of  ‘d  on  the  distribution  errors.  Tn*-.- 
distribution  errors  are  signi ficantly  smaller  for  a  fewer  number  of 
detectors  as  'd  is  decreased.  Table  4.1  indicates  that  if  'd  =  0.02  , 
only  5  or  6  detectors  are  required  to  achieve  about  the  same  error 
reduction  as  8  detectors  for  'd  =  0.1...  In  addition  to  Table  4.1, 
distribution  errors  for  fixed  sets  of  scattering  angles  showed  a 
significant  decrease  in  errors  as  'd  was  decreased  from  0.1.  to  C.C2  . 
There  was  little  difference  in  the  i nput-to-"measured"  distribution 
errors  and  plots  for  'd  =  0.02.  and  C.01, .  Thus,  the  look-up  tuble 
should  be  calculated  tor  a  maximum  diameter  step  size  of  d  =  .02.  to 
reduce  errors  in  particle  size  i nterpretati on  tor  a  giver  number  of 
detectors.  Since  'd  does  affect  the  selection  of  the  detectors,  the* 
search  should  incorporate  the  value  of  'd  that  will  be  used  in  partnle 
size  interpretation  for  actual  measurements . 

Detector  angle  select i<  "s  for  table  4.1  and  Figures  4.2  ♦*•  4.  - 
assumed  the  error  interval  [-0.3,  0.2]  for  simulated  measurements.  The 
number  <f  particles  per  distribution  and  diameter  step  size  are 
respective! y ,  sue  and  0.02  for  the  remainder  of  tins  work.  Fesu 1 : s  ‘ 
.nattering  angle*  .elections  h  r  the  errc*r  intervals  [-0.2,  0.2],  1-0.1, 

.  •  ind  i-'.,,  3 . 1 ' ;  ire*  shown  n  "able  4.3  ‘or  wafer-  part  ivies.  A-, 

.*:**“'  t  •  ■  *  1 .  a  •!*•<  r*as*‘  1  r.  'tie  a  .jr*'"i**nt  nr  *or  ,  *le<  r»*ases  the  *11  .tribu'  ;•  * 
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Figure  4.9.  (Continued). 


Table  4.2.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Water  (m  =  1.33  at  \  =  0.4880u)  with  [9min,  8max]  =  [63,  60°],  NP  = 
500,  and  Ad  =  0.02u. 


Detector  Number 

DISTRIBUTION  ERRORS  Angles  of 


I 

II 

III 

IV 

V 

(degrees) 

Detectors 

6338 

9214 

8568 

10060 

8206 

14,48 

2 

3814 

4736 

4940 

5442 

6882 

6 

3 

1456 

1886 

1524 

1898 

2740 

11 

4 
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672 

1074 

1040 

39 

5 
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94 
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21 

6 

94 
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248 
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32 

7 

222 

98 

74 
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224 

36 
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[Emin, 

Emax]  =  [-0.2, 
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5840 

8892 

9524 
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6182 

14,49 

2 

3650 
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32 
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54 
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4 
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0 
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52 

14 

2 

0 

0 

56 

6 

38 

6 

0 

0 

0 

48 

7 
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2 

0 

0 

0 

18 

8 

[Emin,  Emax]  =  [0.0,  0.0] 


errors  for  an  equivalent  number  of  detectors.  Thus,  for  smaller 
measurement  errors,  fewer  detectors  are  required  for  similar  ambiguity 
reduction.  Note  that  i nput-to-"measured"  distribution  errors  can  exist 
even  for  zero  measurement  errors.  This  is  because  of  ambiguity  and  the 
process  of  making  diameters  discrete  for  the  look-up  table.  Intensities 
for  input  diameters  that  fall  between  diameters  of  the  look-up  table  are 
interpolated  and  thus  have  small  errors  with  respect  to  intensit’es  of 
the  look-up  table  diameters  without  external  errors  being  introduced. 
Increases  in  distribution  errors  with  the  addition  of  a  detector 
scattering  angle  is  attributed  to  ambiguity  between  intensity  ratios  for 
existing  angles  and  ratios  formed  for  the  added  angle. 

The  range  in  scattering  angles  [9max,  9max]  for  Tables  4.1  and  4.2 
was  limited  to  [6J,  60°].  The  range  was  limited  for  two  reasons.  First, 
to  develop  and  present  the  technique,  the  range  of  detector  angles  is 
arbitrary.  Secondly,  semilog  plots  of  the  intensity  scattering  functions 
versus  9^  for  fixed  particle  sizes.  Figures  4.10  to  4.15,  show  stronger 
scattered  intensities  at  the  forward  scattering  angles  over  the  entire 
range  of  diameters.  It  is  favorable  to  locate  the  detectors  within  the 
highest  intensity  scattering  region  to  better  insure  a  good 
signal -to-noi se  ratio  for  the  measurements.  This  is  especially  important 
for  the  smaller  particles  of  the  size  range.  Smaller  particles  intercept 
less  of  the  incident  energy  and  thus  scatter  less  energy.  A  particle 
will  be  sized  by  the  instrument  only  if  scattered  signals  are  detect  at ' e 
above  background  noise.  This  is  a  limiting  factor  for  small  part  -..  V 
measurements . 

Detector  angles  selected  from  the  full  range  of  9  *  ”  „  • 

particles  are  given  in  Table  4.3  alono  with  dist r1 bu t -  - 
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Figure  4.14.  The  Integrated  Intensity  Function  i ,  Versus  Theta. 
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Table  4.3.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Water  (m  *  1.33  at  A 
0max]  =  [6°,  60°]. 


sring  Angles  and  Predicted  Kerrormance  trrors 
0.4880v)  with  NP  =  500,  Ad  =  0.02w,  and  [0min, 


I 

II 

DISTRIBUTION  ERRORS 
III 

IV 

V 

Detector  Number 
Angles  of 

(degrees)  Detectors 

3020 

8740 

9788 

8430 

9080 

81,147 

2 

3080 

3372 

3328 

5544 

6596 

158 

3 

1386 

1466 

1260 

2940 

2264 

151 

4 

650 

412 

806 

CSJ 

r-x 

480 

154 

5 

180 

160 

122 

318 

306 

70 

6 

176 

96 

140 

72 

120 

129 

7 

66 

80 

248 

218 

256 

12 

8 

[Emin, 

Emax]  =  [-0.2,  0.2] 

0 


assumed  intensity  error  interval  [-0-2,  0.2].  The  distribution  errors 


are  similar  in  value  to  errors  for  the  set  of  angles  selected  over  the 


restricted  range  in  9,  given  in  Table  4.2.  Since  the  detector  angles 


selected  from  the  full  range  of  0  afford  no  increase  in  ambiguity 


reduction,  the  detector  angles  for  water  particles  should  be  limited  to 


the  forward  scattering  angles. 


Detector  Angle  Selections  for  Aluminum  Oxide 


A  proposed  application  for  the  MRSPC  of  Figure  1.1  is  the  size 


measurement  of  particulates  within  the  plume  of  solid  propellant  rocket 


motors.  Results  of  the  Monte  Carlo  search  technique  for  incident  light 


wavelengths,  0.4880u,  l.Q6u,  and  1.32u,  are  given  in  Tables  4.4  to  4.6 


for  aluminum  oxide  particles.  The  range  of  selection  angles  was  limited 


to  [6°,  60°].  Although  measurement  errors  for  the  actual  instrumentation 
should  be  used  in  this  search,  the  error  intervals  [Emin,  Emax]  denoted 


in  the  tables,  allow  an  indication  of  the  distinguishability  of  these 


particles  and  the  number  of  detectors  required  for  the  measurements.  The 


refractive  indices  of  aluminum  oxide  at  these  wavelengths  were  supplied 


by  Sverdrup  Technology,  Inc.  at  AEDC  and  are  indicated  on  each  table. 


Plots  of  the  scattering  functions  tj  for  aluminum  oxide,  calculated  from 


Mie  theory  for  several  particle  diameters  and  an  incident  wavelength  of 


0.4880u,  are  given  in  Figures  4.16  to  4.21.  Larger  scattered  intensities 


are  maintained  at  forward  scattering  angles  for  the  size  range  of 


interest. 


Input-to-"measured"  distribution  plots  are  given  in  Figures  4.22 


to  4.28  for  [Emin,  Emax]  =  [-0.2,  0.2]  and  \  =  0.4880u.  These 


distributions  and  the  distribution  errors  of  Table  4.4  indicate  that  the 


MRSPC  can  distinguish  particle  sizes  of  spherically  shaped  aluminum  oxide 
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Table  4.4.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Aluminum  Oxide  Particles  (m  =  1.776  at  A  =  0.4880m)  with  NP  =  500, 
Ad  =  0.02m,  and  [Qmin,  9max]  =  [6°,  60°]. 


1. 

V 

Detector  Number 

DISTRIBUTION  ERRORS 

Angles  of 

1  I 

* 

II 

III  IV 

V  (degrees)  Detectors 

9732  S 

5108  / 

3372  2 

1120  ] 

42 
88 
36 

[-0.2,  0.2] 


11,50 

47 


10508 

4114 

1372 

196 

80 

34 

20 


1,  0.1] 


194 

5938 

6854 

7,10 

2248 

1316 

45 

222 

400 

102 

39 

66 

46 

24 

0. 

22 

0 

22 

28 

8 

57 

0 

0 

25 

Table  4.5.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Aluminum  Oxide  Particles  (m  =  1.75463  at  A  =  1.06u)  with  NP  =  500, 
Ad  =  0.02u,  and  [Qmin,  9max]  =  [6°,  60°]. 


Table  4.6.  Selected  Scattering  Angles  and  Predicted  Performance  Errors 
for  Aluminum  Oxide  Particles  (m  =  1.750159  at  k  =  1.32w)  with  NP  =  500, 
Ad  =  0.02u,  and  [9min,  9max]  =  [6°,  60°]. 
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Figure  4.22.  Input  and  "Measured"  Distributions  for  a 
Two-Detector  System  for  m  =  1.776,  \  =  0.4880u  and  Error 
Interval  [-0.2,  0.2]. 
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Figure  4.23.  Input  and  "Measured"  Distributions  for  a  Three- 
Detector  System  for  m  =  1.776,  \  =  0.4880u  and  Error  Interval 
[-0.2,  0.2], 
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Figure  4.24.  Input  and  "Measured"  Distribution  for  a  Four- 
Detector  System  for  m  =  1.776,  x  =  0.4880u  and  Error  Interval 
[-0.2,  0.2]. 
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Figure  4.25.  Input  and  "Measured"  Distributions  for  a  Five- 
Detector  System  for  m  =  1.776,  x  =  0,4480p  and  Error  Interval 
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Figure  4.25.  (Continued). 
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Figure  4.26.  (Continued). 
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Figure  4.27.  (Continued). 


'0 

Diameter  (micrometers) 


11°,  50°.  47°,  21°.  8°.  15°.  32°,  60° 


Diameter  (micrometers) 


Figure  4.28.  Input  and  "Measured"  Distributions  for  an  Eight 
Detector  System  for  m  =  1.776,  \  -  0.4480u  and  Error  Interval 
[-0.2,  0.2 J. 
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Figure  4.28.  (Continued) 
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particles  within  the  size  range  [dmin,  dmax]  =  [O.ly,  10. Ou]. 

The  distribution  errors  increase  for  longer  incident  wavelengths  as 
seen  from  Tables  4.5  to  4.6,  especially  for  the  first  size  subinterval. 

The  intensity  ratio  plots  of  Figures  4.29  to  4.32  show  that  for  longer 
wavelengths  the  ratios  are  only  slightly  sloped  for  smaller  diameters 
making  diameter  resolution  poor  within  this  size  range.  Distribution 
errors  are  smaller  for  0.4880u  wavelength  for  an  equivalent  number  of 
detectors  making  it  a  better  choice  for  measuring  aluminum  oxide 
particles. 

Detector  Angle  Selections  Using  the  Vector  Search  Method 
Distribution  errors  were  generated  for  the  sets  of  angles  of  Table 
4.2  using  the  vector  method  of  particle  size  interpretation  in  the 
simulation  program  keeping  the  parameters  NP,  Ad,  and  [Emin,  Emax]  the 
same.  Also  the  same  random  numbers  were  used  to  simulate  the  measured 
intensities.  The  results.  Table  4.7,  in  comparison  to  Table  4.2,  show  no 
overall  significant  differences. 

Still,  there  are  reasons  for  preference  of  methods  of  size 
interpretation.  It  is  much  easier  to  incorporate  a  consistency  check  into 
the  ratio  method  to  help  discriminate  particles  outside  the  size  range  of 
interest.  However,  as  the  number  of  detectors  becomes  large,  the  number 
of  ratios,  taking  all  combinations  as  described  in  equation  3.1,  becomes 
very  large.  The  vector  method  always  has  the  same  number  of  columns  in 
the  look-up  table  as  there  are  detectors  for  the  sizing  system. 

The  vector  search  method  was  used  to  select  detector  angles  for 
the  MRSPC  of  Figure  1.1.  The  detector  angles  are  given  in  Table  4.8  for 
water  and  aluminum  oxide  for  the  light  wavelength  0.4880u.  The  AREA 
represents  the  figure  of  merit  as  described  in  equation  3.10. 
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Figure  4.32.  (Continued) 


Table  4.7.  Distribution  Errors  Using  the  Vector  Method  of 
Interpretation  in  the  Simulation  Program  for  Comparisons  to  Table  4.2. 


I 

II 

DISTRIBUTION 

III 

ERRORS 

IV 

Detector  Number 
Angles  of 

V  (degrees)  Detectors 

6456 

9490 

8444 

10176 

9102 

14,48 

2 

3102 

4072 

5594 

4272 

7008 

6 

3 

2382 

1558 

2512 

2032 

2878 

11 

4 

1742 

1118 

636 

1028 

960 

39 

5 

430 

488 

288 

176 

424 

21 

6 

376 

216 

154 

74 

174 

32 

7 

474 

166 

58 

50 

96 

36 

8 

[Emin, 

Emax]  =  [-0.2, 

0.2] 

5802 

8690 

9484 

10064 

6960 

14,49 

2 

2296 

2860 

4306 

3606 

3596 

6 

3 

376 

240 

544 

656 

752 

11 

4 

124 

148 

86 

38 

252 

22 

5 

94 

54 

34 

122 

100 

19 

6 

162 

32 

58 

40 

52 

52 

7 

186 

16 

42 

62 

74 

32 

8 

[Emin, 

Emax]  =  [-0.1, 

0.1] 

3274 

5250 

4864 

6924 

7924 

6,9 

2 

84 

230 

540 

534 

190 

13 

3 

72 

14 

32 

32 

16 

31 

4 

56 

0 

0 

0 

0 

25 

5 

64 

0 

0 

0 

0 

56 

6 

62 

0 

0 

0 

0 

48 

7 

62 

0 

0 

0 

0 

18 

8 

[Emin,  Emax]  =  [-0.0,  0.0] 


Table  4.8.  Scattering  Angles  Selected  Using  the  Vector  Search  Method, 
x  =  0.4880m. 


Water 

[6°, 

174°] 

2 

109,166 

3799.27 

3 

162 

3349.18 

4 

157 

3217.35 

5 

172 

3152.00 

6 

97 

3133.50 

7 

169 

3109.94 

8 

117 

3112.77 

Water 

[6°, 

60°  ] 

2 

8,11 

4088.76 

3 

14 

3759.56 

4 

53 

3678.06 

5 

57 

3662.55 

6 

60 

3657.12 

7 

50 

3655 .  cu 

8 

39 

3654.74 

Aluminum  Oxide 

[6°, 

60°  ] 

2 

15,18 

3988.77 

3 

9 

3845.48 

4 

6 

3759.61 

5 

57 

3695.07 

6 

12 

3662.81 

7 

53 

3637.70 

8 

60 

3630.94 

SUMMARY  AND  CONCLUSIONS 

A  Multiple  Ratio  Single  Particle  Counter  (MRSPC)  has  been  proposed 
by  Sverdrup  Technology,  Inc.  (AEDC)  for  size  measurements  of  spherical 
particles  of  known  refractive  index  within  the  range  of  diameters 
0.lP£dll0.0u  (0.64<_a<64.0  for  >•  =  0.4880p).  This  optical  sizing 
technique  is  well  suited  to  fiber  optics  for  noninterfering  remote 
measurements,  especially  useful  in  harsh  environments.  Particle  size 
interpretation  is  performed  through  correlation  of  measured  intensity 
ratios  to  theoretically  calculated  ratios,  thus,  eliminating  both  the 
need  for  reference  measurements  of  the  incident  beam  intensity  and  a 
knowledge  of  the  particle  position  within  the  Gaussian  beam.  However, 
the  intensity  ratios  are  multivalued  functions  of  diameter  making  it 
difficult  to  correctly  interpret  particle  size. 

To  overcome  the  problem  of  particle  size  ambiguity,  several 
intensity  ratios  are  measured  for  a  single  particle  scattering  event. 

The  measured  ratio  values  must  simultaneously  correspond  to  respective 
theoretical  calculations.  Two  techniques,  a  least  squared  fit  to  actual 
ratioed  data  and  a  vector  method,  were  considered  for  particle  size 
interpretation.  The  ratio  method  seems  to  offer  better  size  resolution 
and  should  be  better  suited  to  consistency  checks  for  discriminating 
particles  that  might  lie  outside  the  size  range  of  interest. 

The  basic  objective  of  this  investigation  was  to  develop  methods 
for  analyzing  the  sizing  system  and  selecting  a  minimum  number  of 
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detector  placement  angles  that  sufficiently  reduces  particle  size 
ambiguity.  To  quantify  ambiguity  and  predict  sizing  system  performance 
for  a  given  set  of  scattering  angles,  a  Monte  Carlo  simulation  program 
was  developed  that  incorporates  measurement  errors  which  affect  particle 
size  ambiguity.  Measurement  errors  used  in  this  study  were  generalized, 
but  the  program  can  be  easily  modified  to  include  specific 
instrumentation  errors  for  a  particular  sizing  system. 

Preliminary  studies,  using  the  simulation  program,  indicated  that 
particle  sizes  can  be  distinguished  over  the  size  range  of  interest  using 
a  practical  number  of  detectors.  Ambiguity  was  found  to  be  very 
dependent  upon  the  measurement  errors. 

The  minimum  number  of  particles  per  distribution  in  the  simulation 
program  that  maintains  statistical  results  was  found  to  be  500  over  a  size 
subinterval  of  2.0u.  The  maximum  diameter  step  size  for  the  theoretical 
look-up  table,  for  size  interpretation,  was  found  to  be  0.02;..  A  step 
size  of  O.lu  in  the  simulation  program  produced  much  larger  distribution 
errors  than  for  0.02u. 

The  simulation  program  was  developed  into  a  search  technique  for 
selecting  detector  placement  angles.  The  first  two  angles  were  selected 
simultaneously  forming  a  two-detector  system.  Additional  detectors  were 
added  one  at  a  time.  As  each  detector  angle  was  selected,  the  current 
set  of  n-detector  angles  were  analyzed  to  determine  the  amount  of 
ambiguity  remaining.  This  technique  allowed  a  minimum  number  of 
detectors  to  be  selected  that  sufficiently  reduces  particle  size 
ambigui ty . 

Mie  calculations  of  the  intensity  functions  versus  scattering 
angle,  for  certain  diameters  throughout  the  size  range,  indicate  that 
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stronger  intensities  are  scattered  into  the  forward  angles  throughout  the 
entire  size  range.  Detectors  placed  within  this  region  should  maintain 
the  best  signal-to-noise  ratios  and  detect  scattered  signals  from  smaller 
particles.  Small  particle  measurements  are  limited  to  sizes  that  scatter 
intensity  signals  detectable  above  background  noise.  Also,  the  forward 
scattering  angle  (diffraction  lobe)  intensities  are  less  sensitive  to 
nonsphericity  and  variable  refractive  index  [12]. 

Detector  placement  angles  were  selected  for  water  and  aluminum 
oxide  particles  with  refractive  indices  1.33  and  1.776,  respectively, 
assuming  an  incident  wavelength  of  0.4880u.  In  each  case,  eight  detector 
angles  were  selected  from  the  forward  scattering  angles  [6°,  60°]  ana 
distribution  errors  presented  for  three  cases  of  intensity  measurement 
errors.  The  distribution  errors  decrease  significantly  with  a  decrease 
in  measurement  errors.  Also,  a  change  in  measurement  errors  was  shown  to 
affect  the  detector  angle  selections. 

The  distribution  errors  for  the  detector  scattering  angles 
selected  from  [6°,  60°]  were  not  significantly  different  from 
distribution  errors  for  the  set  of  detector  angles  selected  from  the  full 
range  of  scattering  angles  [6°,  174°].  Thus,  for  the  measurement  errors 
assumed,  placing  detectors  outside  this  restricted  range  of  scattering 
angles  offers  no  advantage  in  reducing  particle  size  ambiguity. 

Detector  placement  angles  were  also  selected  for  aluminum  oxide 
particles  assuming  incident  wavelengths  of  1.06  ana  1.32u.  The 
distribution  errors  were  larger  for  these  wavelengths  than  for  0.4880u 
wavelength. 

A  disadvantage  of  the  Monte  Carlo  search  technique  for  selecting 
detector  angles  is  lengthy  computer  time.  Another  technique,  referred 


to  as  the  vector  search  method,  was  presented  and  used  to  select 
scattering  angles  for  water  and  aluminum  oxide  particles  for  the  0.4880u 
wavelength.  The  computer  time  is  much  less,  but  the  method  does  not 
incorporate  measurement  errors  that  should  bias  detector  angle  selection, 
especially  if  measurement  errors  are  expressed  as  a  function  of 
intensi ty. 

Input  and  simulated  measured  distributions  are  given  in  Figures 
4.3  to  4.9  and  Figures  4.22  to  4.28  for  the  water  and  aluminum  oxide 
particles,  respectively,  assuming  intensity  measurement  errors  to  be 
random  within  ±20  percent.  These  distributions  give  an  indication  of 
particle  size  interpretation  errors  in  actual  measurements.  Future  work 
is  proposed  to  investigate  a  technique  for  recovering  the  input  (or 
actual  size  distribution)  using  the  simulation  program  to  predict  errors 
in  the  measured  distributions. 

The  instrumentation  for  the  MRSPC  is  currently  being  developed  by 
Sverdrup  Technology,  Inc.  (AEDC).  The  MRSPC  is  to  be  tested  in  the 
laboratory  by  measuring  the  size  distribution  of  water  particles 
generated  by  a  commercial  atomizer  and  the  results  compared  to  similar 
measurements  by  commercial  sizing  systems.  If  the  experimental  results 
are  promising,  then  further  performance  studies  should  be  performed  for 
this  sizing  technique.  These  include  effects  of  size  interpretation  for 
non-spherical  particle  shapes  and/or  a  group  of  particles  with  varying 
refractive  indices. 

Due  to  the  complexity  of  the  general  scattering  theory,  exact 
solutions  are  possible  only  for  a  few  simple  particle  geometries  such  as 
spheres  and  infinite  cylinders.  Usually  scattered  intensity  measurements 
are  correlated  to  Mie  theory  for  spheres  for  particle  size  i nterpretat ion 


The  scattering  pattern  of  the  spherical  diameter  that  most  resembles  that 
of  the  measured  intensities  (for  the  given  set  of  detectors)  is 
interpreted  as  the  particle  size.  This  could  result  in  large  sizing 
errors  especially  for  single  particle  counters.  Therefore,  a  study 
should  be  performed  to  determine  the  sizing  response  to  scattering  from 
non-spherical  particles.  Such  an  investigation  would  be  impractical 
except  for  special  limiting  cases  due  to  the  number  of  possible  shapes 
and  orientations  within  the  sample  volume.  A  special  case  of  importance, 
if  feasible,  would  be  a  study  of  effects  of  size  interpretation  for 
slightly  non-spherical  particles.  This  might  be  achieved  by  assuming 
spheroids  that  are  almost  spherical.  Approximate  scattering  solutions 
for  a  given  orientation  could  be  calculated  for  a  particle  refractive 
index  of  particles  that  are  to  be  measured.  Using  these  calculations  for 
"measured"  intensities  in  the  Monte  Carlo  simulation  program,  interpreted 
size  distributions  could  be  compared  for  an  input  distribution  of 
spherical  particles  and  spheroids. 
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THIS  PROGRAM  PREDICTS  THE  SIZING  PERFORMANCE  FOR  AN  INPUT  SET 
OF  DETECTOR  PLACEMENT  ANGLES  AND  SELECTS  ADDITIONAL  ANGLES 
THAT  BEST  COMPLIMENTS  THE  INPUT  SET  IN  REDUCING  PARTICLE  SIZE 
AMBIGUITY. 

*****  *********************************************************** 


DESCRIPTION  OF  VARIABLES  AND  SUBROUTINES: 

INPUT:  AN  INPUT  DATA  FILE  WITH  NUMBER  OF  FIXED  DETECTOR, 

ANGLES  THE  FIXED  ANGLES,  EMIN,  EMAX,  NUMPART  AND 
NUMDET. 

IH20488:  AN  INPUT  DATA  FILE  WITH  MIE  INTENSITIES  USING  AN 
EXTENDED  RECORD  LENGTH. 

OUTPUT:  OUTPUT  DATA  FILE  THAT  RESULTS  ARE  WRITTEN  TO. 

INTEN:  MATRIX  OF  MIE  INTENSITIES  FOR  A  DIAMETER  STEP  OF  0.1 

MICROMETERS. 

INTER:  MATRIX  OF  INTERPOLATED  MIE  INTENSITIES  FOR  A 

DIAMETER  STEP  OF  0.01  MICROMETERS. 

NTHETA:  NUMBER  OF  MIE  INTENSITY  SCATTERING  ANGLES  TO  BE 

INPUT  INTO  THIS  PROGRAM. 

MINTH:  MINIMUM  THETA  (IN  INTEGER  FORM)  OF  THE  DETECTOR 

PLACEMENT  ANGLE  SELECTION  RANGE. 

MAXTH:  MAXIMUM  THETA  (IN  INTEGER  FORM)  OF  THE  DETECTOR 

PLACEMENT  ANGLE  SELECTION  RANGE. 

NUMFIX:  NUMBER  OF  FIXED  DETECTOR  ANGLES  INPUT  INTO  THIS 

PROGRAM. 

FIXTH:  MATRIX  OF  FIXED  DETECTOR  ANGLES  INPUT  INTO  THIS 

PROGRAM. 

INTERP:  SUBROUTINE  TO  EXPAND  THE  MATRIX  INTEN  TO  MATRIX 

INTER  USING  NEWTON'S  FORWARD  DIFFERENCE 
INTERPOLATION  TECHNIQUE. 

EMIN:  THE  MINIMUM  FRACTIONAL  ERROR  FOR  "MEASURED" 

SCATTERING  INTENSITY  SIMULATION. 

EMAX:  THE  MAXIMUM  FRACTIONAL  ERROR  FOR  "MEASURED" 

SCATTERING  INTENSITY  SIMULATION. 

NUMDET:  NUMBER  OF  DETECTOR  PLACEMENT  ANGLES  TO  BE  FOUND. 

HOLDINT:  MATRIX  OF  MIE  INTENSITIES  FOR  FIXED  DETECTOR  ANGLES. 

NUMRAT:  NUMBER  OF  INTENSITY  RATIOS  FOR  NUMDET. 

RATFIX:  MATRIX  OF  INTENSITY  RATIOS  FOR  INTENSITIES  OF 

HOLDINT. 

DISTRIB:  A  SUBROUTINE  THAT  GENERATES  INPUT-TO-"MEASURED“ 

DISTRIBUTIONS  AND  CALCULATES  DISTRIBUTION  ERRORS  FOR 
FIVE  SIZE  SUBINTERVALS  FOR  THE  SET  OF  FIXED  DETECTOR 
ANGLES. 

INTERV:  AN  INTEGER  (1  TO  5)  THAT  DENOTES  A  RESPECTIVE  SIZE 

SUB  INTERVAL. 

MAXERR:  THE  MAXIMUM  DISTRIBUTION  ERROR  FOR  THE  FIVE  SIZE 

SUBINTERVALS. 
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C  NUMPART:  THE  NUMBER  OF  PARTICLES  PER  SIZE  SUBINTERVAL  FOR 
C  AN  INPUT  SIZE  DISTRIBUTION.  (CALLED  NR  IN  THE  TEXT) 

C  OIST :  A  SUBROUTINE  THAT  GENERATES  AN  INPUT-TO-"MEASURED" 

C  DISTRIBUTION  AN  DISTRIBUTION  ERROR  FOR  A  PARTICULAR 

C  SIZE  SUB  INTERVAL. 

C  Dl:  A  DIAMETER  OF  THE  COf  1 1 NUOUS  FIRST  SIZE  SUBINTERVAL. 

CD:  A  DIAMETER  OF  A  CONTINUOUS  SIZE  SUBINTERVAL  (EITHER 

C  OF  THE  SUB  INTERVALS  2  THROUGH  5). 

C  MEAINT :  MATRIX  OF  INTENSITIES  FOR  A  GIVEN  DIAMETER  WITH 

C  INTENSITY  ERRORS  INTRODUCED  TO  SIMULATE  ''MEASURED" 

C  INTENSITIES. 

C  MEARAT:  MATRIX  OF  RATIOED  "MEASURED"  INTENSITIES. 

C  INTVL:  DENOTES  THE  SIZE  SUBINTERVAL  (1  TO  5)  WITH  THE 

C  LARGEST  DISTRIBUTION  ERROR  FOR  THE  FIXED  SET  OF 

C  ANGLES. 

C  RDIST:  MATRIX  STORAGE  OF  AN  INPUT  SIZE  DISTRIBUTION  FOR  A 

C  GIVEN  SIZE  SUBINTERVAL. 

C  MDIST:  MATRIX  STORAGE  OF  THE  RESULTING  "MEASURED"  SIZE 

C  SUBINTERVAL  FOR  AN  INPUT  SIZE  DISTRIBUTION. 

C  LSERR :  DISTRIBUTION  ERROR  FOR  AN  INPUT-TO-"MEASURED"  PAIR 

C  FOR  A  SIZE  SUBINTERVAL. 

C  ISEED2:  SEED  VALUE  FOR  A  RANDOM  NUMBER  GENERATOR. 

C  NSTEP:  FIRST,  ROWS  OF  RATFIX  REPRESENT  DIAMETERS.  NSTEP 

C  DETERMINES  A  DIAMETER  STEP  VALUE  FOR  COMPARING 

C  "MEASURED"  INTENSITY  VALUES  TO  THE  LOOK-UP  TABLE, 

C  MATRIX  RATFIX. 

C 

C 

C  THIS  PROGRAM  IS  WRITTEN  IN  FORTRAN 
C 

REAL  I NTEN ( 1 00 , 180 ) , I NTER ( 1000 , 180 ) ,MEA I  NT ( 5 , 8 ) 

R EAL  MEARAT (5,28), RATF I X ( 1 000 , 28 ) , HOLD  I  NT ( 1 000 ,8 ) 

INTEGER  FIX.TH(8) , RDIST (100, 5) , MDIST (100, 5) , LSERR (5) 

COMMON  INTEN, INTER, MINTH ,MAXTH 

COMMON  /BL K 1 /  HOLDI NT .RDIST ,MDI ST , RATF IX .LSERR 

NSTEP=2 

NTHETA=178 

MINTH=6 

MAXTH=1 74 

M  =  10 

N=1 1 

K=20 

OPEN(UNIT=M,FILE  =  'I H20488.DAT ' , RECL =3800 .STATUS = 'OLD 1 ) 

READ(M,*) 

READ(M,*) 

DO  2000  IDI AM=1 ,100 

READ(M,* ) ( I NTEN( 101  AM , I  THETA) , I THETA=1 .NTHETA) 

2000  CONTINUE 
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k 


CLOSE(M) 


OPEN (UNI T=N , FILE3 1 INPUT.DAT ' , STATUS = 'OLD  1 ) 

OPEN (UN  IT  =  12 ,F ILE3 'OUTPUT.DAT 1 .STATUS3 ‘NEW 1 ) 

WRITE(12,*) '  H20  (1.33,0.0)  WAVELENGTH3. 4880  MICROMETERS' 

READ (N,*) NUMFIX 

READ(N,*)(FIXTH( I), 1=1, NUMFIX) 

00  1990  I =1 .NUMFIX 
00  1980  J=-2,2 

IF(J.EQ.0)G0  TO  1980 
I NTEN ( 1 ,FIXTH(I )+J  )  =  -l  .0 
1980  CONTINUE 
1990  CONTINUE 

CALL  INTERP 

DO  1975  1=1, NUMFIX 

I NTEN ( 1 , F I XTH ( I )  )  =  -l  .0 
1975  CONTINUE 

READ(N,*)EMIN,EMAX 
READ(N,*)NUMPART 
READ(N ,* )NUMDET 

CLOSE (N ) 

DO  1970  1=1  , NUMFIX 
DO  1960  IDIAM=10, 1000 

HOLD  I  NT ( ID  I  AM, I )  =  I NTER ( IDI AM,F I XTH( I  ) ) 

1960  CONTINUE 
1970  CONTINUE 

NUMRAT=NUMF I X*(NUMF I  X - 1 )  / 2 

1949  DO  1950  IDIAM=10,1000 

1=0 

DO  1940  IDEN=1 ,NUMF I X - 1 

HOLDDEN=HOLDINT ( IDI AM, I  DEN ) 

DO  1930  I  COL  =  l DEN+1 .NUMFIX 
1=1+1 

RATF I X ( I D I  AM , I ) =HOLD I  NT ( I D I  AM , I  COL  )  /HOLDDEN 
1930  CONTINUE 

1940  CONTINUE 

1950  CONTINUE 

DO  1925  1=1,100 
DO  1924  J  =  1 ,5 
RDIST( I  ,J  )=0 
MOIST ( I ,J ) =0 

1924  CONTINUE 

1925  CONTINUE 

CALL  DI STR IB ( ND .NUMPART ,NUMF I  X  ,EMIN ,EMAX ,NUMRAT  ,NSTEP ) 
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MAXERR  =LSERR  (1 ) 

INTERV=1 
DO  1923  1=2,5 

I F ( L  SERR ( I ) .GT.MAXERR )THEN 
MAXERR=LSERR ( I ) 

INTERV=I 
ENDIF 
CONTINUE 
GO  TO  80 

CONTINUE 

NUMFIX=NUMFIX+1 
NR=NUMFIX*(NUMFIX-1 )/2 
LSERRH=99999999 
DO  1920  ITHETA=MINTH,MAXTH 

IF( I NTEN ( 1 , I THETA) .EQ.-l ,0)G0  TO  1920 
DO  1910  IDIAM=10,1000 

HOLD I  NT ( IDIAM.NUMF I X )  =  I NTER ( I DI AM , ITHETA ) 

CONTINUE 

DO  1900  IDIAM=10, 1000 
1=0 

DO  1890  IDEN=1 ,NUMFIX-1 

HOLDDEN=HOLDINT{ IDIAM.IDEN) 

DO  1885  I COL  =  I DEN+1 ,NUMFIX 
1=1+1 

RATF I X ( 1 0 1  AM , I )=HOLDINT(IDIAM,ICOL)/HOLDDEN 
CONTINUE 
CONTINUE 
CONTINUE 
NUMRAT=NR 
DO  1884  1=1,100 
RD I  ST ( I ,INTERV)=0 
MD I  ST ( I , INTERV )=0 
CONTINUE 

CALL  DI  ST (NUMPART.NUMFIX, EMIN, EMAX,NUMRAT, INTERV, NSTEP) 

IF (LSERR ( INTERV ) .LT.LSERRH )THEN 
LSERRH=LSERR( INTERV ) 

ITHETAH=ITHETA 

ENDIF 

WRITE (12, 1879) ITHETA, INTERV, LSERR (INTERV) 

FORMAT ( X , ' THETA  =  ' , 14 , 1  I NTER  VAL  = ' ,12, 

'  LSERR ( I NTERVAL )= ’,110) 

CONTINUE 

F  I XTH (NUMF I X )  =  1 THETAH 
DO  1870  I  =-2,2 

I  NTEN ( 1 .ITHETAH  +  I  )  =  -1.0 
CONTINUE 
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WRITE (12,1878) ITHETAH, INTERV .LSERRH 
1878  FORMAT (X,1 NEXT  DET.  ANGLE*'  ,13,'  INTERVAL*' ,12, 

1  1  L  SERR = * , 18) 

DO  1876  IDIAM=10, 1000 
HOLDINT(IDIAM,NUMF I X )  =  INTER ( IDI AM, ITHETAH) 

1876  CONTINUE 

GO  TO  1949 


80  K=K+1 

OPEN ( UN  I T=K, STATU S*' NEW'  ) 

WRITE (K,*) '  FIXED  DETECTOR  ANGLES' 

WRITE(K,79 ) (FIXTH( I ) ,  1=1 .NUMFIX ) 

79  FORMAT (X, 81 5) 

WRITE (K ,*) '  EMIN-', EMIN,'  EMAX*' ,EMAX, '  NSTEP  =  '  ,NSTEP 

WR I TE ( K , * ) 1  NUMBER  OF  PARTICLES  PER  CIST.*1 ,ND,NUMPART 
WRITE(K,*) 1  H20  (1.33,0.0)  WAVELENGTH*. 4880  MICROMETERS' 
WRITE (K ,*) '  REAL -TO-MEASURED  DISTRIBUTION  ERRORS' 
WRITE(K,70) ( LSERR ( I ) ,1=1 ,5) 

70  F0RMAT(6X,5I10) 

WRITE(K,*) '  SIZE  IR  HR  IIIR  IVR  VR  IM  IIM 
1  HIM  IVM  VM* 

DO  50  1=1,100 
DIA=I/10. 

WRITE(K,60)DIA,(RDIST( I ,J ) ,J=1 ,5) , (MDIST( I ,J )  ,J=1 ,5) 

60  F0RMAT(X,F4. 1,1016) 

50  CONTINUE 

CLOSE(K) 

IF(NUMFIX.LT.NUMDET)GO  TO  1945 

CLOSE (K) 

STOP 

END 

g***pNO  gp  main  PROGRAM****************************************** 

C***SUBR0UTINE  TO  CREATE  DISTRIBUTIONS  OVER  SIZE  SUBINTERVALS.*** 
SUBROUTINE  DISTRIB(ND,NUMPART,NUMFIX,EMIN,EMAX .NUMRAT, 

1  NSTEP) 

REAL  HOLD  I  NT (1000,8) ,RATFIX( 1000,28) , ME A I  NT (5, 8) 

REAL  MEARAT (5,28) 

INTEGER  RDIST(100,S )  .MOIST (100,5 ) , LSERR (5 ) 

COMMON  /BLK1 /  HOLDINT.RDIST.MDIST.RATFIX, LSERR 

I SEED2=7  7  77  7 
ND=0 

01=0. 1-1. 9/NUMPART 
D=2 .0-2 .O/NUMPART 

8995  CONTINUE 

D1=D1+1 .9  'NUMPART 
0=0+2. O/NUMPART 

101  =  1  NT (01*10. ) 
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I D  =  I N  T  ( D  *  1 0 . ) 

RD=RD'-1 

J=1 

IF((D1*10.-ID1/1.0).LT.0.5)J=0 
RDI ST ( ID1+J , 1 ) =RDI ST ( ID1 +J , 1 )+l 
J  =  1 

IF((D*10.-ID/1.0).LT.0.5)J=0 
RDIST(ID+J,2)  =RD I  ST ( ID+J ,2 )  +  l 
RD I  ST ( I D+20+J , 3 ) =ROI ST( ID+20+J , 3 )  +  1 
RD I  ST ( ID+40+J ,4 ) =RD I  ST ( ID+40+J ,4  )+l 
ROI  ST  ( I  D+60+J  ,  5 )  =RD  I  ST  ( I D+60+J  ,  5  )  +  l 

I D 1  =  I  NT ( D 1  * 1 00 . 0 ) 

10  =  1  NT (0*100.0) 

DTI =101/100.0 
OT  =  10/100.0 

00  9000  I  COL =1 .NUMFIX 

ME A I  NT ( 1 , ICOL )= (D1-DT1 ) * ( HOLD  I  NT ( 1 01+1 , 1  COL ) 

-HOLD  I  NT ( 101 , ICOL ) )/.01+H0LDINT ( 101 , ICOL ) 

1=1 

DO  8990  J=0,400,200 
1=1+1 

MEAINT( I , ICOL )=(D-DT )*(HOLDINT ( ID+J+1 , ICOL ) 

-HOLDINT( ID+J, ICOL  ) ) / . 01 +HOLDI NT ( ID+J, ICOL) 
CONTINUE 

IF ( ID+600.EQ. 1000) THEN 
MEAI NT ( 5 , ICOL ) =HOLDI NT (1000, ICOL) 

ELSE 

MEAINT(5, ICOL )  =  (D-OT ) * (HOLD  I  NT ( I D+600+1 . ICOL ) 

-HOLD I  NT ( ID +600, ICOL ) )/.01  +HOLDI NT ( ID+600 , ICOL ) 

ENDIF 

CONTINUE 

DO  8980  I  COL  =  1 , NUMF I  X 
R2  =RAN ( I SEED2 ) 

ERR=R2*(EMAX+EMIN)-EMIN 
DO  8970  J  =  1 ,5 

ME AINT(J, ICOL) =MEAINT(J, ICOL )+ERR*MEAI NT ( J , ICOL ) 
CONTINUE 
CONTINUE 

DO  8960  J  =  1 ,5 
1=0 

DO  8950  IDEN=l ,NUMF I X - 1 
HOLDDEN=MEAINT (J , IDEN ) 

DO  8940  IC0L=IDEN+1 .NUMFIX 
1=1+1 

MEARAT(J , I  )  =MEAI NT ( J  , ICOL )/HOLDDEN 
CONTINUE 
CONTINUE 
CONTINUE 

DO  8930  INTVl  =1,5 
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8910 


8920 

8930 

8890 

8900 

C 


ERRHGLD=0.0 

DO  8920  1 0 1  AM  =  1 0 , 1000.NSTEP 
ERR0R=0.0 

DO  8910  1=1, NUMRAT 

ERROR  =  (MEARAT ( I NTVL  ,  1 )-RATFIX(IDIAM,I ) )  **2  +ERR0R 
CONTINUE 

I F ( 1 0 1  AM .EQ . 10 )THEN 
ERRH0L0=ERR0R 
I DHOLO  =  I D I  AM 
ELSE 

IF (ERROR .LT .ERRHOLD )THEN 
ERRH0LD=ERR0R 
I0H0LD=1DIAM 
END  IF 
ENOIF 
CONTINUE 

A=IDH0LD/10.0 
IB=INT( A) 

C=(A-IB/1.0)*10.0 
I D  =  I  NT (C  ) 

J=0 

IF ( ID.GE -  5 ) J  = 1 
MTRXDIA=IB+J 

MOIST (MTRXOI A , I NTVL )=MDI ST (MTRXD I A , I NTVL )+l 
CONTINUE 


ND=ND+1 

IF(ND.LT.NUMPART)GO  TO  8998 

DO  8900  J  =  1 , 5 
LSERR ( J ) =0 
DO  8890  IDI AM=1 , 100 

LSERR (J)=LSERR(J)+(RDIST(IDI AM, J )-MDIST ( IDIAM.J  )  )**2 
CONTINUE 
CONTINUE 
RETURN 
END 

****END  OF  SUBROUTINE  D I STR IB* **************************** 

‘•SUBROUTINE  DIST*************************************** 

SUBROUTINE  D I  ST (NUMPART ,NUMF I  X , EMI N ,EMAX , NUMRAT , I NTERV , 
NSTEP) 

REAL  HOLD  I NT(  1000,8) ,RATF I  X ( 1000 , 28 ) ,MEAI NT ( 5 ,8  ) 

REAL  MEARAT (5,28 ) 

INTEGER  RDIST(100,5) ,MDIST( 100,5) .LSERR (S) 

COMMON  /BLK1/  HOLDINT.RDIST, MOIST, RATFIX, LSERR 

I SEED2  =  777  7  7 
NP=0 

IF ( I NTERV. EQ. 1 )THEN 
D=0. 1  -  1 .9 /NUMPART 
ELSE 

Q=2.0-2.0/NUMPART 


36-127 


£  NO  I F 
JJ  =0 

IF ( INTEKV .EQ. 3 )JJ=200 
IF ( INTERV.EO-4 )JJ =400 
IF ( INTERV. EQ. 5 ) JJ=600 
1 1  =J  J  / 1 0 

7955  CONTINUE 

IF ( INTERV. EQ. 1 )THEN 
0=0+1. 9/NUMPART 
ELSE 

0=0+2. O/NUMPART 
END  I F 

IO=INT (0*10.0) 

J  =  1 

IF((D*10.-ID/1.0).LT.0.5)J=0 

ROIST(IO  +  II +J  ,  INTERV )=RDIST ( IO  +  I I +J .INTERV )  +  l 

1 0  =  I  NT (0  *1 00 . 0 ) 

DT=IO/100.0 
00  7830  ICOL  =  1 .NUMFIX 
I F ( ID+JJ  .EQ . 1000  )THEN 
ME A INT ( INTERV, ICOL )=HOLO I  NT ( 1000 , ICOL  ) 

ELSE 

MEA I  NT ( INTERV, ICOL )  =  ( D -0 T ) * ( HOLD  I  NT (ID+JJ+1, ICOL) 
1  -HOLDINT( ID+JJ .ICOL ) )/.01+H0LDINT ( ID+JJ , ICOL ) 

ENDIF 

7830  CONTINUE 

DO  7820  IC0L=1, NUMFIX 
R2=RAN( ISEED2 ) 

ERR=R2*(EMAX+EMIN)-EMIN 
MEAINT(INTERV,ICOL)=MEAINT( INTER  V,  ICOL)  + 

1  ERR  *MEA I  NT (INTERV, ICOL) 

7320  CONTINUE 

1=0 

00  7310  I OEN  =  1 ,NUMF I  X -1 

HOLDDEN=MEAINT( INTERV, I  DEN) 

00  7800  IC0L=IDEN+1 .NUMFIX 
1=1+1 

MEArATl  INTERV,  I  )  =MEAI  NT  ( I  NTE'RV  ,  ICOL  ) /HOLDDEN 
7800  CONTINUE 

7810  CONTINUE 

ERRH0LD=0.0 

00  7790  I D 1  AM = 10, 1000 ,NSTEP 
ERROR  =0 . 0 

DO  7780  I =1 .NUMRAT 

ERROR  =  (MEARAT(  INTERV, I )-R ATF I  X ( 1 0 1  AM , I ) )**2+ERR0R 
7730  CONTINUE 

I F ( IDIAM.EQ. 10)  THEN 
ERRHOLD=ERROR 
I DHOLD  =  I  0 1  AM 
ELSE 

IF (ERROR. LT . ERR  HOLD ) THEN 


36-128 


7/90 


ERRHOLD=ERROR 
I DH0LD= I D I  AM 
END  IF 
END  I F 
CONTINUE 
A=I DH0LD/10.0 
IB=INT(A ) 

C=(A-I8/1 .0)*10.0 
I D  =  I  NT ( C ) 

J=0 

IF( ID.GE.5)J=I 
MD IAM=I8+J 

MOIST (MDIAM, INTERV )=MD 1ST (MD I  AM, INTER V)+l 
NP=NP+1 

IF(NP .LT.NUMPART )G0  TO  7955 
LSERR( INTERV )=0 
00  7769  1 0 1  AH = 1 , 100 

LSERR( INTERV )=LSERR( INTERV  )  +  (RDI ST ( IDI AM, INTERV ) 

-MD I  ST ( ID  I  AM, I NTER V ) ) **2 
CONTINUE 
RETURN 
END 

c**»***#*****END  OF  SUBROUTINE  D I  ST  ************* ******** *****^*<r* 
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C ************  INTERPOLATION  SUBROUTINE**************************** 
SUBROUTINE  INTERP 

REAL  INTEN(100,180),INTER(1000,180),H0LD(100,4) 

COMMON  INTEN ,  INTER ,MINTH ,MAXTH 
DO  3000  ITHE=MINTH,MAXTH 

I F ( INTEN (1,1  THE ) .EQ. -1 .0 ) THEN 
INTER ( 1 , 1  THE )  =  -l .0 
GO  TO  3000 
ENDIF 

00  2090  IDI AM =1 , 100 

HOLD ( IDI AM, 1 )  =  I NTE  N ( IDI AM, ITHE ) 

CONTINUE 


2090 


2070 

2080 


00  2080  I  COL = 2 ,4 

00  2070  IDI  AM  =  1 , 1 00  - 1  COL  1 

HOLD  (IDI  AM ,  ICOL  )=HOLD(  IDI  AM-*-! ,  ICOL  —  1  )- 
HOLD ( 1 0 1  AM , ICOL -1 ) 

CONTINUE 

CONTINUE 


DO  940  ID IAM=1 , 97 
IF( IDIAM.EQ. 1 )THEN 
DO  930  1 DX=1 , 9 
XI =10 1  AM/10.0 
X=I DI AM/ 10.0+IDX/ 100.0 
U=  ( X-Xl  )/.I 
T1 =HOLD( IDI AM , 1 ) 

T2  =U*HOLD ( ID  I  AM ,2 ) 

T3=U*(U -1 .0 ) *HOLD (IDIAM,3)/2.0 
T4=U*(U-1.0)*(U-2.0)*H0LD(IDIAM,4)/6.0 


36-129 


a 


INTER ( IDX+10, ITHE )=T1+T2+T3+T4 
930  CONTINUE 

ENDIF 

DO  920  I0X=1 ,9 
X 1 = I D I AM / 1 0 . 0 
X=( IDIAM+1 )/10.+IDX/100.0 
U=(X-Xl)/.l 
T1=H0LD(IDIAM,1 ) 

T2=U*H0LD(IDIAM,2) 

T3=U*(U-1 .0)*H0LD(IDIAM,3)/2.0 
T4=U*(U-1.0)*(U-2.0)*H0LD(IDIAM,4)/6.0 
I NTER ( ( IOIAM+1 )*10+IDX, ITHE )=T1+T2+T3+T4 
920  CONTINUE 

IF( IDIAM.EQ.97 )THEN 
DO  910  IDX=1 ,9 
X1=IDIAM/10.0 

X=( IDIAM+2 )/10.0+IDX/100.0 

U=(X-Xl)/.l 

T1=H0LD(IDIAM,1) 

T2=U*H0LD(IDIAM,2) 

T3=U*(U-1 .0)*H0LD( IDIAM,3)/2 .0 
T4=U*(U-1.0)*(U-2.0)*H0LD(IDIAM,4)/6.0 
INTER ( ( IDIAM+2 )*10+IDX ,ITHE )=T1+T2+T3+T4 
910  CONTINUE 

ENDIF 

940  CONTINUE 

DO  900  1 0 1 AM=1 ,100 

INTER(IDIAM*10, ITHE )=H0LD(IDIAM,1 ) 

900  CONTINUE 

3000  CONTINUE 
RETURN 
END 

C**********THIS  CONCLUDES  THE  INTERPOLATION  SUBROUTINE*********** 
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Introduct ion 


The  main  objective  of  this  3'Oject  is  to  study 
mechanical  structure  of  mantle  flows  beneath  passive  margins 
to  determine  if  such  structure  can  produce  geoid  anomalies 
s^e  strong  enough  to  be  observed  at  the  surface.  If 
theoretically  predicted  signals  a^e  sufficiently  strong,  ef 
will  be  made  to  analyze  the  SEASAT  altimetry  data  to  verif 
Such  signals  are  present. 

within  the  n  amekvQ K  of  the  mooern  plate  tectonic  tn 
some  •form  o f  solid  state  thermal  convection  is  postulated  t 
f  e  main  driving  mechanism  that  drives  surface  plates  in  me 
however,  the  details  about  the  flow  patterns  within  the  m 
are  e 1 _s i y  e .  It  is  generally  accepted  t  oca  v  that  '  lows  w i t  h i 
mantle  ca~  be  desc'ibeo  in  terms  of  at  least  two  different  1 


scales.  "re  large  scale  motion  is  represented  bv  the  su 
elate  motions.  Suce-pcsed  upon  this  large  scale  ci-cula 
trs's  e  v i s  t  various  small  scale  motions  wr :;K  mav  cr  m  a  v  ^  o 
c '.recti/  observable  at  the  surface.  One  c  *'  those  fat 
c.  '  e  c  t  1  .  cbse'vab.e  is  evioencec  bv  mib-blate  vclcanism. 


Mantle  dynamics  immediately  beneath  the  case:  ,-e  marc : ts  rj; 
been  simulated.  It  is  tQUnd  that  the  .iscous  forces  ~<- 
mantle  are  so  dominant  tnat  mantle  flows  simply  adhere  to  f 
boundary  of  a  continental  root  without  any  'rlow  secarat  : 

Co nseq uen t 1 v ,  small  scale  secondary  convective  cells  are  nC 
-eali  cable  i  n  these  regions.  In  the  absence  of  a^v  c~-a'acter  :at  ; 
mantle  structure  beneath  passive  margins,  surface  oecid  anomalie 
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to  see  i*  any  common  patterns  along  passive  continental  margin 
:a"  ce  realized.  1 f  no  common  patterns  can  be  identified i  t n 
mantle  struct  u-e  cerea;”  Passive  m  a  r  c . ■  s  will  pe  stable 
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na  a  new  approach  to  simulate  mantle 
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realistic  mantle  p\namic  structures.  'rhe^e'rc'e.  our 
u^s^e  the  original  objectives  of  this  project  will 
te  me  termination  of  the  mini-crant.  AFOSP  supocrt 
wleoped  •for  all  o  ■f  our  future  publications  that  are 


Figure  Captions 


Figure  1.  Geometry  0*  t^e  two  cimansional  ;  omp  u  t  a  t  1  c  <~a  i 
domain  for  mantle  'lews  Deneatr  passive  continental 
margins.  Tne  top  step  boundary  represents  fie  bottom  pf 
the  lithospheres  with  the  continental  root  inserting 
into  the  mant 1 e . 


c 1 g  ur  e  2.  Evolution  of  the  maximum  magnitude  of 

concentration  of  fluids  within  a  circular  tube 
undergoing  a  solid  body  rotation.  "he  solid  line 
represents  the  results  when  time  steps  a-e  chosen  s^cn 
that  the  fluids  can  only  move  half  a  gr 1 C  point  over 
one  time  interval.  The  dashed  line  represent5  the  case 
when  fluids  are  able  to  move  the  full  grid  point  at 
every  time  step. 


figure  3.  Simulated  mantle  flows  beneath  a  passive  margin. 

Because  of  the  strong  viscous  forces,  ■fiow  appeals  to 
adhere  closely  to  tne  boundary  without  separation. 
Consequently,  the  existence  of  small  scale  secondary 
cells  is  not  expected. 
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Abstract 


The  study  of  the  electrical  and  optical  characterization  of  ion-implanted  Polyphenylene- 
benzo-bis-thiazole  (PBT)  has  been  undertaken.  Iodine  ions  are  chosen  for  implantation.  The  sam¬ 
ples  have  been  annealed  in  argon  atmosphere  at  200°  C  before  data  was  taken.  Useful  information 
concerning  the  nature  of  charge  transport,  structure  of  the  density  of  states  and  the  type  of  charge 
defects  that  play  a  major  role  in  the  conduction  mechanism  is  possible  from  the  investigation. 

It  has  been  observed  that  the  d.c.  electrical  conductivity  of  the  iodine  doped  PBT  increases 
with  temperature  and  follows  the  Arrheneus  equation  yielding  an  activation  energy  of  0.39  ev. 
The  variation  of  conductivity  with  temperature  suggests  Mott-eonduction  mechanism.  The  9.89 
GHz  microwave  data  suggests  that  the  microwave  conductivity  may  be  higher  than  the  d.c.  con¬ 
ductivity.  Preliminary  esr  data  leads  to  an  interesting  observation,  namely,  no  signal  in  the 
undoped  PBT  where  as  a  strong  signal  was  observed  in  the  I9-doped  sample.  The  IR  -  absorption 
data  suggest  the  ^-association  with  the  benzene  rings  resulting  in  the  dampening  of  the  skeletal 
modes  and  yielding  some  vibration  of  its  own  association. 


* 
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Introduction 


Tin-  application  of  polymers  in  electronics  and  computers  is  expected  to  grow  rapidly  during 
the  next  decade.  The  study  undertaken  has  been  restricted  to  electrical  and  optical  characteriza¬ 
tion  of  doped  poly-p-phenvlene-benzo-bis-thiazole  (PBT)  polymer  film  (Fig.  1).  Samples  of  this 
polymer  were  obtained  from  the  polymer  branch  (MLBPJ  through  Dr.  Ivan  Goldfarb  at  WPAFB. 
The  doping  of  these  samples  was  done  by  ion  implantation  rather  than  by  chemical  means.  The 
chemical  method  of  doping  may  not  be  feasible  for  lack  of  suitable  solvents.  Studies  undertaken 
by  other  researchers  'll  have  indicated  that  the  introduction  of  dopants  into  the  polymer  chain  by 
ion  implantation  results  in  more  stable  polymers  than  the  chemically  doped  polymers.  By  ion- 
implantalion,  the  energetic  ions  after  penetration  into  the  target  material  initiate  a  large  number 
of  atomic  collisions  in  the  material,  forming  a  collision  cascade.  Inside  the  material  these  collisions 
can  result  in  the  mixing  of  atomic  species.  The  impact  on  a  lattice  atom  in  a  compound  frequently 
results  not  only  in  lattice  position  change  but  also  leads  to  bond  breakage  and  chemical  state 
changes.  The  energy  of  the  bombarding  ions  and  the  temperature  of  the  polymer  surface  could 
affect  the  delocalization  of  the  electrons  along  the  chain  of  the  polymer. 

Data  using  the  following  physical  techniques  were  planned: 

I  Implantation  of  PBT  samples  with  iodine  ions 

2.  D  C.  Conductivity  vs.  temperature 

•’  Microwave  conductivity  vs.  temperature 

t  LSR  studies  (Pauli  Susceptibility) 

a.  Infrared  Studies 

(>.  Laser  Raman  Studies 

The  completion  of  the  above  study  should  lead  to  a  better  understanding  of  the  charge  tran¬ 
sport  mechanism.  With  doped  conjugated  polymers,  the  possibility  exists  to  achieve  high  conduc¬ 
tivities  (conductive  polymer)  with  a  host  of  applications.  The  results  obtained,  have  been 
pr<--.«-ni e.|  .it  International  scientific  conferences.  [2|. 
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and  from  the  definition  of  z  =  exp(— jwd/c  v /i*fc  r).  define 


2.  Objectives 


T!i''  object  ives  of  i  lie  elforl  on  .lope<l  POT  lire: 

(i)  Understanding  the  charge  transport  mechanism  in  this  polymer  sample 

( ii )  Determination  of  the  nature  of  the  charge  carriers 

(iii)  Evaluation  of  the  d.c.  and  microwave  conductivity  data  in  the  light  of  existing  theories  The 
deviations  of  the  theory  from  measured  a.c.  and  d.c.  conductivities  should  yield  information 
on  the  structure  of  the  density  of  states  in  the  samples  investigated  }3j. 

(iv)  Investigation  of  the  Raman  spectrum  of  the  ion-implanted  samples  and  the  study  of  tile 
elfect  of  the  energy  of  the  bombarding  1011s  and  temperature  of  the  substrate.  Investigation 
also  by  absorption  in  the  near  infrared  as  well  as  far-infrared  regions. 

3.  Details  of  the  Study: 

The  I’BT  samples  were  implanted  with  335  KeV  iodine  ions  to  various  fluences  and  the  D.C. 
and  microwave  conductivities  were  measured. 


D.C.  and  Microwave  Conductivity  of  Iodine-Doped  PBT 

The  d.c  conductivity  of  the  PBT  film  was  measured  by  a  two  probe  method  using  a  voltage 
sou ree  (211.  regulated  high  voltage  supply  Keitliley  Instruments)  and  an  electrometer  ((HOC 
Keitbley  Instruments)  Cold,  electrical  contacts  were  prepared  at  the  two  ends  of  the  film  bv  an 
evaporation  teehnique  The  conductivity  measurements  were  performed  as  a  function  of  tempera¬ 
ture  between  J'i  <  ’  to  •  5 '<  '  <  '  The  -ample  w.us  kept  ii  h  ist  'or  20  m in u t es  at  every  desired  tem¬ 
perature  Low  temperatures  were  obtained  by  blowing  cold  nitrogen  vapor  from  a  liquid  N,, 
dewar 


I  igure  2  shows  the  log  p  versus  plot  of  the  PBT  film 


The  <I.c.  conductivity  increases 


with  mere asing  temperature  Electrical  ronductivitv  is  a  negative  exponential  function  of  inverse 
temperature  anti  can  be  represented  by  the  relation 


<1  -  <*,,e\|>(  —  1.,/VT) 
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wln-re  a  i>,  (ho  conduetivity.  p  is  ilio  resistivity.  1C  is  the  activation  energy  for  conduction.  k 
is  the  Boltzmann  constant  and  T  is  the  absolute  toniporaturc.  The  preexponential  parameters  <t,, 
and  p0  are  constants. 


The  activation  energy  from  the  slope  of  log  p  against  gp  plot  was  found  to  be  0.39  ev.  for 


the  implanted  sample. 


Figure  3  shows  the  ^ixi/^utT)  versus  T  4  plot  of  PBT  over  the  temperature  region  23°  C  to 
•53°  C  The  theoretical  model  of  hopping  conduction  in  disordered  materials  predicts  a  tempera¬ 
ture-  dependence  of  logtT  I'  v  where  ,t  is  the  fond uc 1 1 v 1 1 y .  T  is  the  temperature  and  x  is  a  con¬ 
stant  ranging  from  to  1  (N  !'  Mott.  I’lulos  Mag.  19,  833  ( 1  ‘)(>0 )  A  good  fit  of  the  experi¬ 
mental  data  was  obtained,  which  is  evidence  of  variable  range  hopping  conduction  process 
Present  experimental  data  arc  in  good  agreem  nt  with  the  Mott  hopping  mechanism  of  conduc¬ 
tion  This  typical  behavior  has  also  been  ol  served  in  other  polymers  such  as  polypyrole  (H  S 
Nalwa  et  al.  Polymer  Communications.  28.  2  10  ( 1983) 


The  lime  dependence  of  the  electrical  current  in  the  undoped  sample  al  a  tixed  voltage  was 
also  studied.  Current  decreases  very  slowly  as  a  function  of  tune  from  I  2  X  10 amps  to  7  3  X 
10  amps  at  3  kv  over  a  period  of  tj  h  at  room  temperature  indicating  a  polarization  effect 
This  is  characteristic  of  an  insulating  material  The  -ample  w.i.s  maintained  in  a  nitrogen  atmo¬ 
sphere  -luring  this  measurement 


Determination  of  the  Permittivity 

of  the  PBT  Film  in  the  Microwave  Region 

Two  methods  were  used  in  the  measurements.  One  involved  the  use  of  the  HP  8310  network 
analyzer  system  to  measure  the  scattering  parameters  (~j)  and  S„j  (-’)  which  are  related  to  the 
relb-etion  and  tr.ansmts.sion  of  microwave  energy  that  result  when  the  microwave  beam  i.s  incident 
on  the  sample  contained  in  a  waveguide  Actually.  .S^  (w)  and  S0|  (•*-)  are  related  to  the 


Figure  4(a):  Schematic  diagram  of  the  network  analyzer. 


reflection  coefficient  ( P)  ami  transmission  coefficient  (T).  Tlie  latter  <|Uantities  can  then  be  used  to 


calculate  the  complex  permittivity  ((”r).  The  second  method  involved  the  use  of  the  microwave 
cavity  perturbation  technique  which  has  been  used  by  several  workers  in  the  past. 

i)  Details  of  the  network  analyzer  method 

Figure  1(a)  shows  the  network  analyzer  simplified  block  diagram.  The  HP  8510  network 
analyzer  system  consists  of  the  HP  8510A  network  analyzer  and  the  HP  85 15 A  S-parameter  test 
set.  The  full  2-port  calibration  with  step  sweep  mode  and  averaging  was  used  to  obtain  accurate 
measurement  of  (tu)  and  S0^  (u).  Conversion  from  S-parameter  data  measured  by  the  IIP 
8510A  to  dielectric  properties  is  accomplished  by  reading  trace  data  into  a  computer,  performing 
the  required  conversion  and  then  plotting  or  listing  the  results.  The  computer  used  here  is  an 
ATiT  3B20  with  the  conversion  software  written  in  the  C  programming  language.  Appendix  I 
gives  the  measurement  (low  chart  used  for  (  ,  and  r  measurements.  In  our  measurement  the 
polymer  film  was  sandwiched  between  two  thin  glass  cover  slides.  This  made  it  easier  to  insert  the 
sample  between  the  ends  (flanges)  of  two  waveguide  sections.  Figure  1(b)  gives  the  details  of  the 
sample  mounting  scheme.  In  order  to  eliminate  the  effects  of  the  glass  slides,  one  glass  slide  was 
first  measured,  then  two  slides  were  measured  and  the  results  stored.  Then  the  film  was  placed 
between  the  glass  slides  and  measurements  made.  The  S-parameters  due  to  the  glass  slides  were 
subtracted  from  the  film  sandwich  readings.  It  should  be  noted  that  the  sample  is  offset  from  the 
normalized  reference  plane  by  a  distance  of  one  glass  cover  slide  thickness.  The  nonlinear  phase 
rotation  that  results  was  determined  and  removed  following  a  procedure  suggested  in  reference  I 
Appendix  II  gives  the  equations  relating  the  measured  Sjj  (w)  and  S0j  (u)  to  the  c*r  of  the  polv- 
mer  sample. 

Figures  5  and  G  show  respectively  the  real  and  imaginary  part  of  <*r  for  the  undoped  PUT  in 
the  X-band.  It  should  be  noted,  however,  that  the  measurement  of  low-loss  samples  (  tan  f  • . 
0  01)  is  difficult  using  this  technique  as  indicated  in  reference  [l|.  The  cavity  perturbation  tech¬ 
nique  is  to  lie  preferred  for  low  loss  samples  in  the  measurement  of  the  imaginary  part  of  <*,. 
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ii)  Details  of  the  cavity  perturbation  method: 


The  details  of  the  cavity  perturbation  technique  can  be  found  in  the  literature  a.Ol.  Inserting 
a  small  sample  into  a  microwave  cavity  changes  its  resonant  frequency  f0'  by 


*  =  (V  -  fo")/V 

and  its  loss  1/Q'  by 

a  =  = 

Q"  Q'  Q, 

where  f0"  and  O''  denote  the  parameters  of  the  perturbed  cavity  and  1/Q,  the  loss  due  to  the  sam¬ 
ple  In  the  quasi-static  approximation  these  two  measurable  quantities  are  related  to  the  complex 
dielectric  constant  (  =  («'  ■+•  j<")  of  the  sample  by  the  following  two  equations: 


;  1  +  N(<*  -  l)j2  +  (N<")2 

_ 

N  !l  +  N(('~  I)|2  +  (Nc")s 


(2) 


In  the  above  equations  a  is  the  tilling  factor  and  N  is  the  sample  depolarization  factor  An 
accurate  determination  of  N  is  possible  for  a  sphere  or  an  ellipsoid  [3],  Ambiguities  in  evaluating 


the  conductivity  due  to  less  well  defined  depolarization  factors  N  of  samples  of  arbitrary  shape  can 


be  overcome  with  the  help  of  a  fitting  procedure  [-4.31.  The  final  formula  given  in  reference  [6 j  is: 

«"(T)  =  {1  ±  l’t  ^(T)/Am„)2P}/(oFA(T)/*-mJ  (3) 

where  the  positive  sign  of  the  squa-e  root  is  valid  for  T  >  T(Amu)  and  the  negative  sign  other- 
1,1  equation  (3).  only  th-  m  nsur-d  parameters  o.A(T),  and  imxx  appear  and  not  the 

depolarization  factor  N,  which,  if  not  known  exactly,  induces  large  errors  in  the  calculation  of  t". 


The  details  of  the  experimental  technique  are  similar  to  the  one  reported  in  reference  !6). 
The  experimental  data  A  and  6  have  been  obtained  from  room  temperature  down  to  100°  K  and 
these  are  shown  in  Table  1.  Additional  data  needs  to  be  obtained  at  lower  temperatures  in  order 
to  evaluate  and  6mM  so  that  <"  can  be  obtained  by  the  use  of  Eq.  (3)  without  having  to  evalu¬ 

ate  N  This  work  is  in  progress. 


I 


FIGURE  7:  A  cylindrical  cavity  modified  to  form  a  coaxial 

line  terminated  by  a  capacitor.  Samples  are 
placed  between  the  capacitor  plates. 


s  s 
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Tabic  I  V  ariation  of  the  relative  resonance  frequency  shift  (6)  and  the  microwave  loss  (A)  as  a 
function  of  temperature  (T)  Frequency  of  measurement  =  9. SO  GHz.  Sample: 
Iodine-doped  (PBT). 


T°K 

AxlO~* 

4x1 0~* 

100 

1.4 

3.6 

119 

1.1 

4.08 

138 

0.9 

4.35 

155 

0.7 

4.52 

176 

0.52 

4.68 

195 

0.15 

4.7 

210 

0.1 

4.8 

22 1 

0.35 

4.85 

210 

0.3 

4.9 

255 

OO 

Cl 

6 

4.92 

276 

0  25 

4  95 

235 

0.22 

5.0 

300 

0.20 

5.05 

A  cylindrical  reentrant  cavity  similar  to  the  one  suggested  in  the  literature  [7]  is  under  con¬ 
struction  and  will  be  used  for  the  measurement  of  c' and  <"  around  3  GHz.  A  schematic  of  the 
above  cavity  is  shown  in  Figure  7. 

Preliminary  results  have  been  obtained  by  esr  technique  on  both  the  undoped  and  iodine 
doped  PBT  samples  at  room  temperature.  It  is  interesting  to  note  that  while  there  is  a  strong  esr 
signal  in  the  doped  sample,  no  signal  appears  in  the  undoped  sample.  The  esr  signal  of  the  doped 
sample  is  shown  in  Figure  8.  Our  results  appear  to  be  different  from  that  reported  by  Scott  et  al 
[8|  in  the  case  of  pyrrole  polymers  where  they  found  relatively  intense  esr  signals  in  both  the  neu¬ 
tral  and  oxidized  states  of  the  polymers. 
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FIGURE  8:  esr  signal  of  the  I^-doped  PBT 
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Infrared  absorption  and  Raman  scattering  measurements 

['li*'  infrared  absorption  studies  on  the  raw  BBT  samples  and  the  iodine  doped  BBT  samples 

wi  re  undertaken  over  the  region  100  -  I  >00  .-in*'  on  a  Bomen  Fourier  -  transform  infrared  spec¬ 
trometer.  No  infrared  absorptions  were  observed  above  2000  cm  ^  Both  for  raw  as  well  as  iodine 
implanted  samples  the  bulk  of  the  infrared  absorption  occurs  m  the  100  -  '2000  cm  *  region.  These 
observation  are  illustrated  in  Fig  0  and  the  observed  bands  are  collected  in  Table  2.  The  Raman 
data  on  these  samples  were  taken  on  a  Jarrell-Ash  double  monochromator  using  Ar+  laser  as  a 
source.  The  grating  drive  of  the  monochromator  has  been  replaced  by  Burleigh  Inch-worm  result- 

O 

mg  m  better  resolution  The  two  lines  of  the  ,\r  laser  at  and  >1  l>  A  were  used  as  the 

incident  light  on  the  samples  The  Raman  hands  consistent  in  both  these  observations  were  taken 
to  be  the  real  bands  A  very  large  number  of  Raman  bands  have  been  observed,  and  tins  is  con¬ 
sistent  with  the  observation  on  other  polymer  samples.  One  observation  we  did  make,  and  it  is 
worth  mentioning  here,  that  is  the  inconsistencies  in  the  Raman  observations.  The  data  taken  at 
the  same  spot  of  the  sample  under  two  obsvr  ations.  without  altering  any  parameter  docs  not 
come  out  consistent  The  profile  and  the  resolutions  of  the  hands  change  from  one  run  to  the 
other  This  is  indicative  of  the  fact  that  tlu  microsiructure  of  the  sample  at  the  point  of  observa¬ 
tion  may  not  l>e  staying  consistent  Sin  e  Raman  observations,  are  undertaken  over  a  very  small 
area  of  the  sample,  equal  to  the  cross- section  of  the  laser  beam  incident  on  the  sample,  the  incon¬ 
sistencies  appear  much  pronounced  In  the  case  of  IR  ihsorption.  the  studies  are  undertaken  over 

i  much  larger  ire  a  md  t|i .  me. -ft  unties  st.it,.i|.  uly  iver.ig.-  <>i|t  In  other  word',  for  the  l*BT 

samples  provided  to  us,  the  IR  data  is  reproducible  for  the  entire  sample  where  as  the  Raman  data 
appears  changing  The  most  consistent  Raman  hands  for  both  the  raw  and  implanted  BBT  are 
reported  in  h  ig  10  and  the  infrared  and  Raman  hands  are  collected  in  Table  2 

The  fundamental  dilh-rence  between  the  IR  and  Raman  data  of  the  raw  and  iodine 
implanted  RU’I  appears  to  be  the  absence  of  the  dOO  cm  ^  hand  and  the  presence  of  the  1000  cm  * 
absorption  hand  in  the  IR  spectrum  of  the  implant'd  BBT  over  that  of  the  ummplanted  BBT 
I  his  imply  suggest  the  dampening  out  of  some  low  frequency  tortional  mode,  (for  example  the 


TABLE  II  (a) 


absorption  due  the  non  eoplanarity  of  the  benzene  rings  resulting  in  a  tortional  mode  in  winch 


both  rings  rotate  sli 


ghtlv  in  ihe  opposite  direction  along  a  C-C  bond).  The  addition  of  I.,.  may 


result  in  iodine  associating  with  one  of  the  benzene  rings  and  stopping  this  motion.  On  the  other 
hand,  this  association  of  iodine  may  result  in  some  vibrations  associated  with  the  PBT  com¬ 
ponents.  The  LR  band  at  1000  cm  ^  may  be  one  such  vibration.  This  activity  may  not  be  Raman 


4.  Conclusions 

The  d.c.  electrical  conductivity  of  iodine  doped  poly-p-phenylene-benzo-bis-thiazole  (PBT) 
increases  with  increasing  temperature  and  follows  the  Arrheneus  equation  yielding  an  activation 

energy  of  0.39ev,  A  plot  of  conductivity  versus  T  4  gives  a  straight  line,  indicating  the  Mott- 
conduction  mechanism.  The  time  dependence  of  the  electrical  current  in  the  undoped  sample  at  a 
fixed  voltage  indicates  a  slow  decrease  characteristic  of  a  polarization  effect  in  insulating  materials. 

The  study  of  the  microwave  conductivity  of  iodine  doped  PBT  could  not  be  carried  to  low- 
temperatures  beyond  liquid  nitrogen  temperature  for  lack  of  liquid  helium  facility  and  associated 
microwave  equipment.  Hence,  no  definite  conclusions  could  be  drawn.  The  available  data  at  a 
frequency  of  9.89  Cl f I z  seems  to  indicate  that  the  microwave  conductivity  is  higher  than  the  d.c. 
conductivity  Preliminary  results  of  the  esr  data  leads  to  an  interesting  observation,  namely,  no 
signal  in  the  undoped  sample  where  as  a  strong  signal  was  observed  in  the  iodine  doped  sample. 

The  infrared  absorption  stud.es  of  the  raw  and  I., -doped  PBT  veiid  consistent  results  about 
the  structure  of  the  samples.  Not  much  change  was  observed  except  the  fact  that  I.,  association 
with  the  benzene  rings  retards  300  cm  ^  torsional  made  in  which  both  rings  rotate  slightly  in  the 
opposite  directions  along  a  C-C  bond.  This  association  of  iodine  might  also  be  responsible  for  the 
IR  band  at  1000  cm  +  ,  which  may  not  be  Raman  active  The  Raman  scattering  data  lacks  con¬ 
sistency  as  explained  earlier  Though  some  reliable  data  has  been  observed,  it  is  hereby  suggested 
that  for  undertaking  such  Raman  studies  a  technique  should  be  developed  whereby  scattering  from 
a  broad  area  of  the  sample  can  be  studied  for  Raman  data.  This  can  be  accomplished  by  using  a 
ray-detector,  thus  averaging  out  the  micro-structural  changes,  responsible  for  the  difficulties 
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APPENDIX  I 


The  measurement  procedure  for  er  and  /(, 
measurements. 


Setup  8510  System 

i 

Input  Cutoff  Frequency 

l 

Perform  Full  2-Port  Cal 
(Coaxial  or  Waveguide) 

i 

Insert  Sample  Material 

4 

Input  the  Material  Length 

l 

Input  Reference  Plane  Rotation 

I 

Measure  Sn  (to),  Sj,(ai| 

I 

Calculate  T 

l 

Calculate  T 

i 

Calculate  p, 

l 

Calculate  c, 

l 

Print  (,  and  p, 

l 

Plot  t,  and  p, 

I 

End 


T  =  KiVK^TT,  where  K  .  ~  S*l(h,)?.jL 

2S„(«) 

{S|,M  —  Sgjfu;)}  —  r 

1  —  {Sn(ot)  +  Sot(w)}r 


T- 


/*  r  = 


A0  >c2 


f.  = 


t  1 2  +  TT)  X0 

A  A. 


where  —  = 

A2 


l>, 


APPENDfX  II 


the  following  equations  rel  .  the  scattering  parameters  to  complex  relative  permittivity 


I  Excerpt  from  !),  10  ). 


File  sum  and  difference  of  Jie  scattering  coefficients  are  found  as 


V,  —  Se,  +  S,, 
Vs  =  S.;,  -  S„ 


A  variable  x  will  be  define  ^  the  ratio  of  1  -  V  V0  and  A  variable  x  will  be  defined  as  the  ratio  of 
(1-VjVJ  and  (Vj  -  V, 


1  -  V.W 


V,  -  V„ 


By  direct  substitu'  on  of  the  defining  expressions  for  the  scattering  coellicients  into  Eq.  (3)  yields 


the  following  equation: 


~-)(i  -  z:)  r:  +  i 


2(1  -  ") 


Tins  equat.on  can  be  solved  for  F. 


r  =  x  ±y*'x:  -  i 


where  the  plus  or  minus  sign  is  chosen  tc  restrict  the  f  magnitude  to  less  than  one  in  absolute 


Again,  direct  substitution  of  the  defining  expressions  for  the  scattering  coefficients,  in  Eq 


('  I.  yields  and  equation  for  z  in  ter  .is  of  V  and  f. 


V,  -  r 


i  -  v,r 


Now,  fror 
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Abstract 


Synthetic  routes  to  a  novel  polybenz imidazo le  tetraamine  aonomer , 

N( 1 ), N(4) -d i pheny 1- 1 , 2 , 4 , 5-tetraami nobenzene  were  explored.  One  route, 
a  modified  Curtius  reaction  on  N ,  N  *  -d i pheny 1-2 , 5-d iaminotereph thal i c 
acid,  gave  1 , 5-d  i  pheny  1  ber.zo  (  1 , 2-d  :  4 , 5-d  ’)  d  i  im  i  dazol  e-2  ,  S-c  ione  which  , 
on  hydrolysis,  should  provide  the  desired  tetraamine.  However,  this 
intermediate  exhibited  remarkable  resistance  to  hydrolysis. 

The  second  synthetic  route,  synthesis  of  2 , 5-d  i  f 1 uoro- 1 , 4 -d i n i t ro- 
benzer.e  followed  by  nucleophilic  aromatic  substitution  of  fluoride 
with  aniline  gave  N ,  N  *  -d  i  pheny  1  - 1 , 4-d  i  ami  no-2 , 5-di  n  i  trobenzene  which 
on  reduction  with  sodium  sulfide  gave  the  desired  tetraamine. 


V 


u 


I 


ill  -•Si.t.rj  in  a  Discussion 

A  >yr.tr.os:s  o:  Polymer  I  by  condensation  of  1 , 2 , 4 , 5  -  tetnisi  r.ober.zer.e 
*  i  *  h  o  x  aa  i  d  e  . 

It,  has  been  reported  (3)  that  oxamide  condenses  with  o-pher.vlene 
to  give  the  b i s - ben z i a i dazo 1 e .  Extension  of  this  reaction  to  reaction 
of  oxaaude  with  tetraaaino  benzene  would  provide  a  convenient  syn¬ 
thesis  for  Polymer  I. 

1  Attempted  synthesis  of  2, 2’ -bis benzimidazole. 

ihe  condensation  reaction  of  o-phenylene  diamine  and  oxaaide  was 
.  -a  m  an  attempt  to  repeat  the  work  of  Lane  who  reported  (3)  that 
the  reaction  of  one  mole  of  oxamide  with  two  moles  of  o-phenylene  d i - 
“ine  yielcis  2, 2 ’ -bis benzimidazole.  In  our  hands,  this  reaction  yielded 
a  soiid  product  whose  infra-red  spectrun  was  not  similar  to  that  of  an 
authentic  sample  of  2 , 2 ' b i sbenz i m i dazol e .  The  product  obtained  was  as¬ 
sumed  to  be  2 , 3  : i hy iroxypi  inox a line.  (Rx  1, 


CC 

NH.-C  C-NH,  - 

Rx.  1 

V^eNH. 

"  M  II 

0  0 

B.  Synthesis  o:  N  ( 1 ;  ,  S(-i )  -d  i  pheny  1  - 1 , 2 , 4 , 5- 1«  t  r  aam  i  not 
N , N ’ -diphenyl -2 , 5 -di  .am  i  note  reph  thal  ic  acid  .  IV  . 

N  ,N  ’ -diphenyl -2 . 5-d  iaai  rioterenhthal  io  acid  is  read: 


e,  III,  fr 


i  v  \  :  .;i3. 


React,  ion  of  N  ,  N  ’ -d  i  pheny  1  -2 , 5 -d  i  am  i  notereph  thal  i  c  acid  with  hyd- 


Attempted  conversion  of  the  title  compound  directly  to  N(l),N(4)- 
diphenyl-1 , 2 , 4 , 5- tetraami nobenzene  by  hydrazoic  acid  in  concentrated 
sulfuric  (Schmidt  Reaction)  gave  only  starting  material.  Apparently 
protonation  of  the  amine  functions  in  the  acid  medium  deactivated  the 
carboxylic  acid  toward  protonation,  a  necessary  first  step  in  the 


ocnsict  reaction. 


3 .  Reaction  of  N(N’-diphenyl-2,5-di ami noterephthal ic  ac id  with  d i - 
phe  r.y  ipnosphory  1  azide. 

Diphenylphospnoryl  azide,  a  reagent  useful  for  effecting  mocifiec 
Curtius  reactions  reacted  with  the  title  dicarboxylic  acid  to  pro¬ 
duce  1 , 5-diphenyl benzo ( 1 , 2-d : 4 , 5-d ’) di imidazole-2 , 6-dione  (LX)  rather 
than  the  expected  diurethane  derivative  of  the  tetraamine  (III) .  This 
result  is  explicable  when  one  considers  the  competing  reactions  bet*e»; 
the  isocyanate  intermediate  with  the  t-butyl  alcohol  solvent  or  with 
the  secondary  amine  in  the  ortho  position  (Rx .  2) .  The  reaction  was  re 
peated  using  ethanol  and  then  with  methanol  in  hopes  that  the  lesser 


'ic  requirements 


of  these  alcohols  would  lead  to  urethane  rather 


‘.han  ring  closure.  L’nf  or  tunate  ly  ring  closure  prevailed. 


50  PON  . 


t'V.'.i'. 


Hydrolysis  of  1 , 5 -d  i phenv Ibonzo ( 1 , 2 -a  4 , 5 -d  ’ )  d i  i mi dazo . * 
should  provide  the  desired  tetraaame ,  III,  (Rx  .  3)  . 


7=0  +  H-0 


OH  or  H 


4.  Synthesis  of  1-pheny lbenz imidazol-2-one . 

1 -Pheny 1 benz im i dazol -2-one  was  prepared  froa  N-pheny 1  an th r an i 1 
acid  and  d ipheny Iphosphory 1  azide  in  order  to  provide  a  substrate  f 
hydrolyses  experiments. 

5.  Attempted  hydrolysis  of  l-pheny Ibenz imidazol-2-one . 

The  title  compound  was  subjected  to  the  following  hydrolysis  ex 
periments.  In  each  case  starting  material  was  recovered  quantitati 

a.  2%  KQH  in  ethylene  glycol  for  24  hours  at  120  C. 

b.  85 %  phosphoric  acid  at  50* C  for  20  hours. 

c.  I00f#  phosphoric  acid  at  60°  C  for  20  hours. 

d.  me thanosu 1 fon i c  acid  at  60* C  for  20  hours. 

e  .  50"  KOH  :  r.  ethylene  glycol  it  120°  C  for  24  hours, 

f.  50"  KOH  :  r.  glycerol  at  1 50*  C  for  34  hours. 

The  hydrolytic  stability  of  this  heterocyclic  system  is  r"?.ar<  i 


3  '  v  u  •  ;.e  j ;  -j  >  f  V  1  .  *1 .  ;  -  :  i  :• ••  c  v  1  - 1  .2.1.5-- 


The  isomeric  t  e  t  r  a  am  i  r.  e  ,  N  (  1  )  ,  N 3 }  -  i  i  p  h  e  r.  y  1  -  1  ,2,4 , 5  -  *e  ■ 
benzene  is  prepared  { 5)  by  reaction  of  aniline  with  1 ,3d; 
smstro  benzene  foil  j*ed  bv  r»*  iuc  t  i  on  of  the  n:tro  f  j::<'ti  ' 


Vv'.  V./././ 


It  has  been  reported  (6)  that  reaction  of  2,5-dichloro  or  2,5-di- 
broao- 1 , 4 -dini trobenzene  with  aniline  gives  a  variety  of  products  but 
not  the  desired  N , N * -diphenyl-1 , 4-diamino-2 , 5-dini trobenzene .  This  re¬ 
sult  is  probably  due  to  the  fact  that  the  nitro  groups  which  are  better 
leaving  groups  than  chloride  or  bromide  are  activated  with  respect  to 
nucleophilic  aromatic  substitution  by  virtue  of  their  para  position 
to  one  another. 

Since  fluoride  is  as  good  and  sometimes  a  better  leaving  group 
than  nitro  (7) ,  it  was  decided  to  examine  the  reaction  of  aniline  with 
2 , 5-difiuoro-l , 4-di nitrobenzene . 

1.  Synthesis  of  2 , 5-d i f luoro-1 , 4-dinitrobenzene ,  VT . 

The  title  compound  was  synthesized  in  over  all  79  percent  yield 
by  nitration  of  2 , 5-di f luoroace tan i 1  ice ,  hydrolysis  of  the  amide  and 
finally  oxidation  of  the  2,5-difluoro-4-n itroan iline  with  hydrogen 
peroxide  (Rx .  4) . 


'NKCOCH.  •*, 


-  - 


4  .  Reduct i  on  of  N  ,  N  ’  -  a  i  p  n  o  n  y  1  -  1  ,  4  i  i  am  inc-2  ,  o  -  u  in  itroo 


Reduction  of  the  title  compound  in  ethanol -water  with  sodium 
sulfide  provided  a  colorless  solid  tentatively  assigned  the  structure 
N  (  1 )  ,  N  (4)  -d  i  pheny  1  - 1 , 2 , 4 , 5-te  traomi  nobenzene  on  the  basis  of  its  IP. 
spectrum.  Verification  of  this  structure  is  awaiting  elemental, 
mass  spectral  and  PMR  spectral  analysis  (Rx .  7). 


NO, 

r^t-iNHc 


S 

EtOH/H.O 


?jc.  7 

o 


TV.  Conclusions 

Although  analytical  data  was  not  available  at  the  writing  of  this 
report  to  verify  the  structure  of  tetraamine  III,  it  seems  reasonable 
to  conclude  that  a  viable  synthesis  of  the  target  compound,  N(1),N(4) 
diphenyl-1 ,2 , 4, 5- te traam i nobenzene ,  III,  has  been  accomplished  as  de¬ 
scribed  in  Reactions  4-7. 

It  has  also  been  confirmed  that  Polymer  I  and  II  cannot  be  iireot 
synthesized  by  reaction  of  the  tetraamme  with  oxamide. 

V.  Suggestions  for  Future  Work. 

It  remains  yet  to  develop  a  purification  technique  for  the  to tra¬ 
am  ine  HI  and  to  improve  the  yield  for  synthesis  of  its  precursor, 

,  N  *  *-i  i  phony  1  -  1 , 4 -d  i.imir.o -2  ,  o-i  :  n  i  ‘.rcbonnone  ,  VIII,  by  invest  :  a  t ;  n. 
use  of  alternative  solvents  and  reaction  conditions  for  the  douo.e 
nucleophilic  aromatic  substitution  reaction  outlined  in  Rx .  6. 

The  intermediate  substitution  product,  2 , 5-d i n i tro -4 - f 1 eorod i - 
pheriy  1  am  i  ne  ,  VTI,  is  o  f  potential  utility  as  previously  mentioned  is 
precursor  to  a  variety  of  V  e  t  r  a.i  m  i  n  e  monomers  for  pr-p.i:’  'i*.  :  ot  up. 
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In  addition,  the  compound  V'H  could  be  subjected  to  selective  re¬ 


duction  experiments  to  give  2 -am i no-4- f luoro-5-n i t rod i pheny 1  am i ne ,  X, 
which  would  be  more  likely  to  exhibit  selective  substitution  of  fluoride 
on  reaction  with  aniline. 

The  alternative  route  for  synthesis  of  II  by  starting  with  N,N’- 
d  i  phenyl -2 , S-d i ami  note rephthal ic  acid  should  also  be  further  investigated 
Discovery  of  a  convenient  one  step  method  for  conversion  of  the  benz- 
imidazolone  IX  to  tetraamine  III  would  provide  a  tetraamine  precursor 
which  is  stable  and  which  could  be  safely  stored. 

VI.  Experimental 

1.  2 , 5-Di  f  luoroacetani  1  ide  .  2 , 5-Di  f  luoroani  1  ir.e  was^  acetylated 

with  acetic  anhydride,  m.p.  122-3' C  (lit. (8)  m.p.  122  C) . 

2.  4-Ni tro-2 , 5-di f luoroani 1 ine .  4-Nitro-2 , 5-di f luoroani 1 ine  was 
made  by  the  method  of  Finger  et  al .  in  8055  yield,  recrystallized 
from  ethanol  to  give  golden  needles,  mp  152-3  C  (lit. (8)  mp  152  C) 

3.  1 , 4-Di f 1 uoro-2 , 5-dini trobenzene ,  VI.  To  6.7  mL  (0.12  mol)  of  90% 

hydrogen  peroxide  in  200  mL  methylene  chloride  was  added  40.4  mL  tri- 
fluoroacetic  anhydride  at  room  temperature.  After  an  induction  period 
of  several  minutes,  an  exothermic  reaction  occurred.  A  slurry  of  10.5  g 
of  4- n i tro-2 , 5-d i f 1 uoroan i 1 i ne  in  40  mL  methylene  chlorode  was  added 
over  10  m.  After  cooling,  the  reaction  mixture  was  washed  with  100  mL 

water,  dried  and  stripped  of  solvent  to  yield  12. 2g  (99%  yield)  of  1,4- 

d i f 1 uoro-2 , 5-d i n i trobenzene .  Recrystallization  from  ethanol  gave  yellow 
crystals,  mo  104-5*C.  Anal,  ealcd  for  CiHiFiN*Ow:  C,  35.29;  H,  0  SO; 

N,  13.73.  Found  C,  35  46;  H,  0.96;  N,  13.56.  El  mass  spectrum,  m/e 

204  (M-) .  PMR  (60  MHz)  S  35  ppm  (overlapping  dd) .  IR  1340,  1545  cm"  . 

4.  2 , 5 -D i n i t ro - 4 - f 1 uo rod i pheny 1 am i ne ,  VII.  To  a  so.jtion  o;  2.55  g 

(12.5  mmol)  of  1 , 4 -d i f 1 uoro-2 , 5-d ; n i trobenzene  in  10  ml.  distilled  THF 
at  60*0  and  under  nitrogen  was  acced  2.32  g  (25  0  mnc.)  ol  ires.niy  iis~ 
t;  .  aniline  iver  1  5  n  The  reaction  mixture  was  net  re;  .uxe-i  ;  'r 

10  h,  --.colei  to  rim  temperature  and  poured  into  water.  The  4o.ii  proj¬ 
ect  was  filtered  and  dried  to  yield  3.1-1  g  (89%  yield)  of  deej>  red 

e  r  v  s  t  a  1  s  °f  VII.  Recrystal  lized  iron  etr.  ano  1  ,  mp  143  0-143.5  C.  Anal, 
tiled  for  C,tHfF  ,Vt0.  :”C,  51.99;  H,  2.89;  N,  15.15.  Found  C,  51.82; 

H,  2,59;  S’,  15.38.  El  mass  spectrum,  o/'e  277  (M-)  PMR  (60  Mhz ,  CDC1  ) 

7.3  ppm (m ,  5  H ,  arom .),  7.8  pom(d,  1  H,  H-6),  8.15  ppm(d,  1  H,  H-3), 

9  .3  ppm  (br .  s,  1  H,  MI).  IR  3370,  1541,  1350  cm"  . 

5.  N,N'  -Diphenyl -1 ,4 -.1  i ami no -2 , 5 -d i n i trobenzene ,  VIII.  A  solution  ot 
12  75  g  C62..5  mmol)  of  1  ,  4  -d  i  f  l  uoro  -2 , 5  -d  i  n  i  trobenzene  in  30  mL  freshly 
j;  r.i’.s-i  DM  SO  was  v.rf'-i  with  nitrogen  at  80*C  ?c  this  was  added 

•  •>  ,  _  --  over  1  5  -  The  mixture  wV: 
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heated  at  loo  C  for  12  h,  cooled  to  room  temp.  ,  poured  into  *at«;r  and 
tillered.  The  product  was  isolated  from  the  black  amorphous  residue  b 
column  chromatography  by  eluting  with  methylene  chloride.  The  result 
solid  was  continuously  extracted  with  pet.  ether,  leaving  a  deep  blue 
solid,  3.65  g  (17"  yield)  of  VIII,  mp  195-6  C.  Anal,  calcd  for 
C,«H.wNvOv:  C,  61.71;  H,  4.00;  X,  16.00.  Found  C,  61.78;  H,  3.92; 

N,  15.42.  El  mass  spectrum,  m/e  350  (V(— ) .  PMR  (60  MHz,  CDC1  )  7.3  pp 
(m,  10  H,  arom) ,  8.2  p:a  (s,  2  H,  H-3.H-6),  8.55  pnm(br  s,  2  H,  NH) . 
IR  3350,  1240,  1510  cm'"'  . 

6.  X(l) ,X(4) -Diphenyl -1 , 2 , 4 , 5-tetraaminobenzene ,  III.  A  mixture  of 

O. 6  g  (1.71  mmol)  of  VIII,  3.0  g  sodium  sulfide  monohydrate,  S  mL  c: 
ethanol  and  1.2  mL  water  was  stirred  at  reflux  for  10  h.  The  alcohol 
was  stripped  and  the  residue  diluted  with  10  ml  water  (all  wcrk-up  na 
ipuiations  were  done  under  nitrogen).  The  resulting  precipitate  was 
collected,  washed  with  acuecus  ethanol  and  recrystallized  from  ber.zer. 
to  give  0.14  g  (23.17,  yield)  of  III,  a  white  solid,  mp  253-4'C. 

IR  3420,  3340  cm .  (primary  amine),  3220  cm  (secondary  amine),  no 
indication  of  r.itro  absorptions  . 

7.  1 , 5-Dipheny  Ibenzo  (1 , 2-d  :  4 , 5-d  ’  )  di  inicazcIe-2  ,  S-cione  ,  EC.  A  mixt 
of  4.35  g  (12.5  mmol)  X, N ’ -diphenyl-2 , 5-diaminmter ephthal i c  acid, 

(25  mmol)  of  diphenylphosphoryl  azide  and  1.8S  g  (25  cmcl)  of  t-bu 
and  in  45  mL  of  triethyl  amine  was  heated  at  reflux  for  20  h.  The 
reaction  mixture  was  concentrated,  dissolved  in  75  mL  toluene,  washed 
with  55!  citric  acid,  sat'd  sodium  bicarbonate  and  water.  The  organic 
layer  was  cried  and  stripped  to  yield  IX,  a  tan  solid,  mo  over  340  C. 
Anal,  calcd  fcr  Cj.HwNvO*:  C,  70.2;  H,  4.1;  X,  16.4.  Found  C,  59  35; 

H,  4.42;  X,  15.3.  El  mass  spectrum,  m/e  342  (M-) .  IR  bread  2200-2400 
cmH  ,  1740  cmw  . 

8.  l-Phenylbenzimidazol-2-one .  This  compound  was  synthesized  from 
n-phenylanthrani 1 ic  acid  by  the  above  procedure  to  give  an  off-white 
solid,  mp  195”C. 
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ABSTRACT 


In  the  Strategic  Defense  Initiative  Battle  Management  and  Command, 

3 

Control,  and  Communications  (SDI  BM/C  ),  one  of  the  problems  that 
arises  is  the  multi-weapon,  multi-target,  multi-phase  assignment 
problem.  Weapon  platforms  are  satellites  in  orbit  containing  kinet 
kill  vehicles  (projectiles)  which  can  be  sent  to  targets 
(boosters/missiles) .  A  given  weapon  platform's  projectiles  have  a 
known  probability  of  hitting  any  particular  target.  A  ballistic 
missile's  trajectory  is  typically  described  as  consisting  of  four 
phases;  three  phases  are  studied  here;  boost,  post-boost,  and 
midcourse.  This  assignment  problem  was  formulated  as  a  large-scale 
non-linear  integer  programming  problem.  Efficient  near-optimal 
algorithms  were  found.  The  most  promising  algorithm  was  studied  in 
depth,  using  analytic  and  simulation  techniques. 


I. 


In  th  Strategic  Defense  Initiative  Battle  Management  and  Command, 

3 

Control,  and  Communications  (SDI  BM/C  ),  one  of  the  problems  that 
arises  is  the  multi-weapon,  multi-target,  multi-phase  assignment 
problem.  Weapons  (or  weapon  platforms)  are  satellites  in  orbit 
containing  kinetic  kill  vehicles  (projectiles)  which  can  be  sent  to 
targets  (boosters/missiles)  in  hopes  of  hitting  them. 

! 

It  is  assumed  that: 

1)  a  given  weapon  platform's  projectiles  have  a  known  probability  of 

1 

hitting  any  particular  target,  ' 

I 

i 

2)  the  value  of  each  target  is  known,  ' 

3)  there  is  not  enough  time  for  information  about  whether  a  hit  or  miss 

i 

actually  takes  place  to  get  back  to  the  assigner  of  projectiles  and 


4)  each  projectile  is  probabilistically  independent  of  any  other. 

A  ballistic  missile's  trajectory  is  typically  described  as  consisting 
of  four  phases;  the  problem  studied  here  can  be  used  to  model  the  first 
three  phases:  boost,  post-boost,  and  midcourse.  Boost  phase  is  defined 
to  be  the  phase  during  which  the  target  is  firing  its  rocket  motors. 
Post-boost  is  the  phase  after  boost  in  which  the  post-boost  vehicle 
(target)  releases  reentry  vehicles.  Midcourse  phase  starts  when  the 
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reentry  vehicle  has  left  the  post-boost  vehicle  and  ends  when  the 
reentry  vehicle  enters  the  atmosphere.  The  problem  studied  here  is  to 
assign  projectiles  to  targets  in  order  to  minimize  the  surviving  targe 
value,  subject  to  the  available  supply  of  projectiles. 

This  assignment  problem  can  be  formulated  as  a  large-scale  non-linear 
integer  programming  problem.  Efficient  near-optimal  algorithms  have 
been  found.  The  most  promising  algorithm  was  studied  in  depth,  using 
analytic  and  simulation  techniques.  This  algorithm  assigns  projectile 
sequentially  using  a  maximum  marginal  return  criterion. 

Sufficient  conditions  for  optimality  of  the  algorithm  were  found; 
in  addition,  it  is  shown  that  the  algorithm  is  optimal  in  the  limit 
for  a  broad  range  of  weapon-target  single  shot  probabilities  of  hit 
(kill) .  A  closed-form  expression  for  the  expected  number  of  hits 


H(  j) 


< 


1 


if  target  j  is  hit 
if  target  j  is  not  hit 


0 


Denote  the  probability  of  target  j  surviving  by 

P  (  H(j)  =  0  )=  q'(j) ■ 


Clearly 


m 

qA  (j)  =  |  j  (  1  -  P ( i , j) )x(1/ j) 

i  =  1 


and 


P  (  H(j)  =  1  )  =  p'(j)  =  1  -  q' (j)  • 


Let  T  be  the  total  number  of  hits,  i.e. 


T  = 


H  ( j  ) 


and  V  be  the  value  of  the  targets  hit, 


n 


V 


v( j)H( j) . 


V  can  be  thought  of  as  the  weighted  sum  of  independent  non-identical 
Bernoulli  trials,  with  success  probability  pA(j)  for  the  jth  trial. 
Thus , 


n 


j  =  1 


and 


VAR  [  V  ]  = 


v(j)  2  pA  (j)qA  (j)  . 


Since  the  H(j)  are  uniformly  bounded,  the  Central  Limit  Theorem  holds 
as  n  increases,  V  becomes  normally  distributed  with  mean  and  variance 
given  above.  See  Feller  [1968]. 

An  interesting  problem,  henceforth  called  Problem  I,  is  to 


max  E  [  V  ] 


subject  to 


n 


j  =  1 


x(i , j )  <=  a 


for  all  i 


x(i,j)  >=  0  and  integer. 


Letting  SV  =  the  value  of  the  surving  targets,  we  get 


SV 


n 


2 

j  =  1 


v(j) (1  -  H ( j ) ) . 


.'A' 


The  objective  function  above  could  thus  be  written  equivalently  as 
min  E  [  SV  ]  where 


n  m 

e  c  sv  ]  =  nrr  < 1  -  pa,j) > 

j  =  i  i  =  i 


X(i,  j  ) 


K': 

rt/UV 


I 


Problem  I  appeared  as  a  suggested  formulation  by  Dantzig  in  Manne 
[1958],  where  a  similar  problem  was  approximated  by  a  transportation 
problem.  Problem  I  is  a  non-linear  integer  programming  problem  and 
complete  enumeration  would  require  looking  at 


m 


(a  +  n  -1)  ! 
a!  (n  -  1)  ! 
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Hi 


different  ways  to  assign  the  projectiles  to  the  targets.  See  Bogart 

[1983].  When  the  problem  is  large,  complete  enumeration  is  clearly  out 

of  the  question.  For  example,  with  10  weapon  platforms,  100  targets 

13  0 

and  10  projectiles  per  platform,  there  are  approximately  4  x  10 
different  ways  to  assign  the  projectiles  to  the  targets. 


k.  x  »  a  Awj  A  -S  ^  ^  ~  AAA  i 


Let  P  =  the  matrix  of  {  p(i,j)  }, 


Q(s)  =  diag  (  {  q(j)  }  )  for  {  x(i,j)  }  from  some  X(s), 

V'  =  diag  (  {  v( j )  }  )  ,  and 

R ( s )  =  PV'Q(s),  consisting  of  elements 

{  r(i,  j)  =  p(i»j)v(j)q(j)  }  . 


The  product  v(j)q(j)  is  the  expected  value  of  target  j,  given  X(s). 
Thus,  the  element  r(i,j)  is  the  expected  decrease  in  target  j's  value 
by  sending  one  additional  projectile  from  weapon  platform  i. 

Let 


r(  i (s) , j (s)  ) 


=  max  {  r(i,j)  in  R(s)  such  that 

i  >  j 


n 


j  =  1 


The  best  marginal  feasible  assignment  of  the  next  projectile,  given  the 
s  projectiles  already  assigned,  is  from  platform  i(s)  to  target  j(s). 


Step  1.  Set  s  =  0. 


Step  2.  Calculate  R(s) . 

Step  3.  Find  i(s),j(s). 

Step  4.  Increment  x(i(s),j(s))  by  one,  forming  X(s+l). 

Step  5.  Increment  s  by  one,  to  s+1. 

Step  6.  If  s  =  a*m,  stop;  otherwise  go  to  step  2. 

Algorithm  I  can  be  thought  of  as  trying,  within  the  limits  of  integer 
values  of  x(i,j),  to  equalize  the  expected  value  of  the  targets. 

An  equivalent  algorithm  first  appeared  in  denBroeder,  et.al.  [1959]. 
Algorithm  I  does  not  always  find  an  optimal  solution  as  the  following 
example  will  illustrate. 


.9 


Step  2.  R ( 1)  = 


0.0  0.7  | 


I  I 

|  0.6  0.09  i 

I  i 

|  0.0  0.07  | 


0  1 


0  0.1 


Step  3.  i(l)  —  2,  j(l)  =  2  (remembering  that  it  is  not 

feasible  to  send  any  more  projectiles  from  weapon  platform  1) 


Step  4.  X ( 2 ) 


0  1 


0  1 


V '  Q  ( 2  )  = 


1  0 


0  0.03 


Step  5.  s  =  2. 


Step  6.  2=2,  so  stop, 
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For  this  solution  E  [SV] 


1  +  (0.1) (0.3) 


1.03,  but 


> 


clearly, 


X  ( 2 ) 


1  0 
0  1 


is  optimal  with  E[SV]  =  0.4  +  0.3  =  0.7. 

Note  that  since  V'Q(s)  is  a  diagonal  matrix,  the  eigenvalues  are  the 
expected  values  of  the  targets,  given  X(s);  thus  the  trace  of  V'Q(s)  is 


OPTIMALITY  OF  ALGORITHM  I 


Algorithm  I  finds  an  optimal  solution  for  Problem  I  under  some 
conditions.  A  general  result  which  provides  sufficient  conditions  for 
optimality  was  found;  a  number  of  special  cases  of  interest  are  also 
given. 


m(j)  =  max  {  p(i,j)  >  for  all  j 


I  ( j )  =  {  i  ;  p(i,  j)  =  m(j)  } . 


m(j)  represents  the  best  probability  of  hitting  target  j;  I  * ( j )  is  the 
set  of  weapons  which  can  achieve  this. 


Suppose  for  a  given  problem  Algorithm  I  has  picked  weapons  for  each 

★ 

target  J  out  of  I  (j).  Now,  for  a  given  set  of  p(i,j),  for  any  set  of 


x(i,j),  the  objective  function  of  Problem  I 


E  [  SV  ] 


m 

TT 


(  i 


P(i, j) 


j x(i, j) 


>= 


m 

IT 

i  =  1 


So  we  have 

1)  Algorithm  I  finds  the  locally  best  feasible  reduction  in 
E  [  SV  ]  as  each  projectile  is  assigned  (by  the  structure  of 
the  algorithm)  and 

2)  the  locally  best  feasible  reduction  in  E  [  SV  ]  is  globally 
best  (by  the  inequality  above) . 

That  is,  if  at  any  stage  of  the  assignment  it  were  possible  for  each 
target  to  be  attacked  by  weapons  which  have  the  best  chance  of  hitti 
it,  the  assignment  is  optimal  at  that  stage. 


Thus  the  following  holds. 


RESULT  I 


If,  for  all  j,  Algorithm  I  results  in  {  x(i,j)  }  suet  that 
•  •  * 

if  1  is  not  in  I  (3)  then  x(i,j)  =  0 


and 

.  ,  ,  * 
if  x(i,3)  >  0  implies  l  is  in  I  (3) 

then  {  x(i,j)  }  is  an  optimal  assignment  of  weapons  to  targets  for 
Problem  I. 


As  a  direct  consequence  of  Result  I,  there  are  many  special  cases  where 
Algorithm  I  is  optimal  for  Problem  I.  The  cases  listed  below  are  of 
particular  interest. 


Case  I . 

If  p(i,j)  =  p(j)  for  all  i,  then  Algorithm  I  finds  an  optimal 
solution . 


Since  for  every  j  all  i  are  in  I*(j),  Result  I  holds.  A  much  less 
intuitive  proof  of  Case  I  can  be  found  in  denBroeder  [1959]. 


r 


Case  II 


If  m  =  1,  then  Algorithm  I  finds  an  optimal  solution. 


This  can  be  regarded  as  a  special  case  of  Case  I. 


Case  III. 


If  the  constraints  in  Problem  I  are  replaced  by  a  global 
constraint , 


m 


n 


z 


i  =  1 


j  =  1 


x(i,j)  <=  a 


then  Algorithm  I  finds  the  optimal  solution. 


Algorithm  I  will  continue  to  choose  a  maximum  p(i,j)  for  every  j  until 
the  global  constraint  has  no  slack,  hence  it  finds  an  optimal  solution, 
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Case  IV. 


Suppose  there  exists  a  partition  (a  set  of  disjoint  completely 
exhaustive  sets)  of  the  weapons  which  results  in  a  partion  of  the 
targets.  Then  if  each  set  of  the  weapon  partition  satisfies  one  of  the 
Cases  above,  Algorithm  I  is  optimal. 


Within  each  element  of  the  weapon  partition,  the  sum  of  the  terms  in 
the  objective  function  coming  from  the  corresponding  element  of  the 
target  partition  is  minimized.  The  total  value  of  the  objective 
function  is  the  sum  of  minimal  terms  and  is  then  itself  minimized. 


When  p(i,j)  =  p  for  all  i  and  j  and  v(j)  =  v  for  all  j,  the 
objective  function  is 


v  (l-p)x(1'j>. 


Mote  that  there  are  diminishing  marginal  returns  from  additional 
projectiles  sent  at  the  same  target. 


That  is,  for  any  integer  k, 


(l-p)k  -  (l-p)(k+1))  <=  v  [  (l-p)(k_1)  -  (1-p) 
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Thus  Algorithm  I  will  cycle  through  the  targets,  assigning  one 
projectile  to  all  the  targets,  then  two  and  so  on,  until  running  out  of 
projectiles.  Since  the  conditions  here  are  a  special  case  of  Case  II 
above,  this  solution  is  optimal.  Note  that  in  general,  the  effect  of 
Algorithm  I  is  to  equalize  the  expected  value  of  the  targets  at  each 
step  of  the  allocation  process.  This  fact  is  critical  in  subsequent 
derivations  in  this  paper. 

Therefore,  to  minimize  the  expected  surviving  value,  the  projectiles 
should  be  "dealt  out"  to  the  targets  like  a  whole  deck  of  cards  to  card 
players.  If  there  are  52  projectiles  (cards)  dealt  out  to  7  targets 
(players) ,  three  targets  (players)  will  get  8  projectiles  (cards)  and 
four  will  get  7.  Thus,  the  number  of  projectiles  (cards)  dealt  out  to 
any  of  the  weapons  (players)  differs  by  at  most  one  and  we  have  the 
following  result. 

Result  II. 

If  p ( i , j )  =  p  for  all  i  and  j  and  v(j)  =  v  for  all  j,  then  the  optimal 
assignment  is  to  assign  the  projectiles  so  that  the  total  number  of 
projectiles  directed  at  any  two  targets  differs  by  no  more  than  one. 

Result  II  proves  very  useful  in  later  Sections  in  finding  closed  form 
upproximat ions  which  describe  the  performance  of  Algorithm  I. 


V.  PERFORMANCE  OF  ALGORITHM  I 


K* 


This  section  examines  the  performance  of  Algorithm  I  under  more  general 
conditions  than  those  in  section  IV. 


. double 

Suppose  each  p(i,j)  is  regarded  as  a  random  variable,  each  generated 
independently  from  a  probability  distribution  function 


F  (i, j ,x)  =  P  (  p ( i , j )  <=  x  ) 


Note  that 


M(j)  =  max  {  p(i, j)  }  , 
i 


the  maximum  probability  of  hitting  j,  is  now  itself  a  random  variable. 


Result  I  of  Section  IV  says  that  if  Algorithm  I  assigns  weapons  with 
maximum  hit  probability  for  each  target,  the  assignment  is  optimal. 
These  sufficient  conditions  for  optimality  are  not  true  in  general. 
Suppose  in  some  cases,  these  conditions  hold  in  the  limit  as  the  number 
of  weapons  increases.  Then,  Algorithm  I  is  optimal  in  the  limit  for 


these  cases, 
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There  is  an  interesting  parallel  between  the  sufficient  conditions 
in  Section  IV  and  the  situation  here. 

For  a  given  fixed  matrix,  the  condition  "p(i,j)  =  p(j)  for  all  i" 
guarantees  that  Algorithm  I  is  optimal. 

The  equivalent  here  is  "F(i,j,x)  =  F(j,x)"  for  all  i"  guarantees 
that  in  the  limit,  Algorithm  I  is  optimal.  If  the  distributions  of 
the  p ( i , j )  's 

for  all  the  weapons  are  the  same,  then  with  independence  each 
weapon  is  equally  likely  to  be  the  one  with  maximal  p(i,j)  for  a 
given  j.  If  the  maximal  p(i,j)'s  are  exactly  uniformly  spread  out 
throughout  a  matrix,  then  Algorithm  I  will  be  able  to  use  them 
for  each  target,  satisfying  the  conditions  for  Result  I  to  hold. 

Since  in  the  limit  the  observed  result  will 

approach  the  expected  result  of  uniformity  with  probability  one, 
Algorithm  I  is  optimal  in  the  limit. 

RESULT  III 

If  the  p(i,j)'s  are  generated  from  distributions  which  only  depend  upon 
j,  then  Algorithm  I  is  optimal  in  the  limit. 

This  broad  range  of  cases  is  characterized  by  having  the  maximal 
probabilities  of  hitting  different  targets  spread  out  over  the  weapons 
as  the  number  of  weapons  increases  and  could  certainly  be  generalized 
to  a  probability  equivalent  of  Result  I. 


RESULT  IV 


'  .  ■ 
Lv^' 


If,  for  all  j,  Algorithm  I  results,  with  probability  one,  in  {  x(i,j)  } 
such  that 


and 


if  i  is  not  in  I  (j)  then  x(i,j)  =  0 


if  x(i,j)  >  0  implies  i  is  in  I  (j) 


then  with  probability  one  Algorithm  I  solves  Problem  I  optimally. 


The  more  useful  result  is  Result  III,  which  has  sufficient  conditions 
which  can  be  more  readily  checked. 

The  "worst  case"  situation  is  that  there  is  one  weapon  which  is  the 
expected  best  for  all  targets,  no  matter  how  many  other  weapons  are 
available.  Then  the  sufficient  conditions  would  not  be  true  in  the 
limit.  Note  that  the  number  of  targets  does  not  have  to  increase  for 
optimality . 
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Denote  the  probability  distribution  function  of  M(j)  by 

FA  (j  ,x) 


=  P  (  M( j )  <=  x  ) 

=  P  (  P(l/j)  <=  x,  p (2 , j )  <=  x,  ...  , p (m, j )  <=  x  ),  since 

for  fixed  j,  the  event  "the  maximum  of  the  p(i,j) 's  is  less  than  or 
equal  to  x  "  is  equivalent  to  "all  the  p(i,j) 's  are  less  than  or  equal 
to  x  " . 

By  independence, 

F* <j,x) 

and  since 

1 

E  [  Y  ]  =  ^  P  (  Y  >=  y)  dy  for  any  random  variable  Y, 

0 


IT 


F(i, j , x) 


43-24 


the  expected  largest  p(i,j)  is 


M(j) 


f 


(  1  -  F* (j ,x)  )  dx. 


As  noted  in  Section  IV,  the  effect  of  Algorithm  I  is  to  equalize,  as 
much  as  possible,  the  expected  surviving  value  of  each  target  at  every 
step  of  the  allocation  process.  Using  this  fact,  it  is  possible  to 
derive  closed  form  expressions  for  an  expected  bound  for  the 
performance  of  Algorithm  I. 

Suppose  that  the  targets  are  numbered  so  that  equal  valued  targets  are 
clumped  together  in  classes  and,  that  the  expected  maximal  p(i,j)  is 
the  same  for  equal  valued  targets  and  that  the  conditions  of  Result  III 
hold.  That  is,  for  j  =  1  to  n(l),  v(j)  =  w(l)  and  E  [M(j)]  =  m'(l); 
for  j  =  (n(l)  +  1)  to  (n(l)  +  n(2)),  v(j)  =  w(2)  and  E  [M(j)]  =  m'(2); 
and  so  on,  where  n(s)  =  the  number  of  targets  with  value  w(s)  and  m'(s) 
is  the  expected  maximal  p(i,j).  Let  x'(s)  be  the  number  of  projectiles 
sent  to  one  of  the  targets  with  value  w(s)  and  the  number  of  classes 


of  different  valued  targets.  It  is  assumed  temporarily  that  the 
discrete  nature  of  projectiles  is  relaxed  mathematically;  i.e.  x 
can  take  on  non-integer  values. 


The  total  number  of  projectiles  available  can  be  written  in  a 
"conservation  of  projectiles"  formula: 


n  ( 1) x '  ( 1)  + 


1 


n ( s)  x  1  ( s) 


s  =  2 


After  Algorithm  I  has  been  run,  the  approximate  equality  of  the 
expected  surviving  target  values  leads  to  the  following.  (The 
symbol  =  will  be  used  to  approximate  equality. 


For  targets  with  v(j)  =  w(s)  , 


w(s)  (1  -  m' (s) )*' (s)  =  w(l)  (1  -  m' (1) )x’ (1) 


Thus  by  taking  the  natural  log  of  both  sides  and  solving  for  x' (s; 
the  following  is  derived: 


In  (  w(l)/w(s)  )  +  x'(l)  In  (1  -  m'(l) 


m'  (s)  ) 


After  multiplication  by  n(s) ,  summation  from  s  =  2  to  and 
simultaneous  solution  for  x'(l)  with  the  "conservation  of  projectiles 
expression,  the  result  is: 


x'  (1) 


am 


n (s)  In (w ( 1) /w (s)  ) 
In ( 1  -  m 1 (s) ) 


S  =  2 


n  (s) 

In ( 1  -  m ' (s) ) 


+  n  ( 1 ) 


For  any  s,  x'(s)  can  be  calculated  using  the  two  previous  approximate 
equalities. 


The  expression  simplifies  when  m'(s)  =  m'  for  all  s. 


n ( s)  In (w ( 1 ) /w (s) ) 


When  in  addition  w(s)  =  1  for  all  s,  the  expression  reduces  to 


am 

x ' ( 1)  =  - 

n 

and  in  addition  x'(s)  =  x'(l)  for  all  s;  i.e.  send  the  same  number  of 
projectiles  to  each  target.  This  number  is  the  average  number  of 
projectiles  available  for  each  target. 

Since  only  discrete  numbers  of  projectiles  can  actually  be  sent  in 
practice,  the  number  of  projectiles  assigned  to  any  target  j  within  a 
given  class  of  targets  would  differ  by  at  most  one;  call  x(j)  this 
number  sent  to  target  j . 

To  calculate  x(j): 


2 


1 

* 

4 

► 

f 

s  ’ 

s 

«. 

> 

» 


V 
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1)  multiply  the  relevent  x'(s)  by  n(s)  and  round;  this  is  the 
approximate  number  of  projectiles  allocated  to  the  class 

2)  "deal  out"  all  the  projectiles  to  each  target  within  the  class 
as  evenly  as  possible. 
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The  predicted  expected  value  of  surviving  targets  (PEV)  can  then  be 
calculated  by 


PEV 


(5.1) 


j  =  1 


This  optimal  solution  to  Problem  I  will  have  an  expected  surviving 
target  value  no  less  than  this  and  will  approach  it  in  the  limit  as  the 
number  of  weapons  increases.  Under  the  conditions  of  Result  III, 
Algorithm  I's  solution  should  converge  toward  this  also.  The  rate  of 
convergence  has  not  been  estimated  analytically,  but  simulation  results 
noted  in  the  what  follows  indicate  that,  at  least  for  one  type  of 
situation,  convergence  is  fairly  rapid. 


Under  simplifying  assumptions  and  for  a  specific  class  of  distributions 
of  F(i,j,x),  calculations  were  done  and  compared  with  simulated 
results . 
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Suppose  that  E  [  M(j)  ]  is  the  same  for  all  j,  v(j)  =  1  for  all  j  and 
let  a'  =  am.  Then  following  the  procedures  above,  x(j)  for  all  j 
will  be  the  following  solution. 


The  solution  is  to  assign 


g  =  trunc 


I  n  | 

l_  _l 

projectiles  to  (  n  -  a'mod  n  )  targets  and  (  g  +  1  )  projectiles 
to  the  other  a'mod  n  targets. 


Suppose  each  p(i,j)  is  chosen  from  the  following  distribution 


1  -  d  for  x  <  b 


P(X<=x)=  <  (1  -  d)  +  d  (  x  -  b  )/(  u  -  b)  for  b  <=  x  <=  u 


1  for  x  >  u 


where  0  <=  b  <=  u  <=  1  and 


0  <  d  <=  1. 
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Each  p(i,j)  can  be  thought  of  as  being  generated  in  the  following  way 
With  probability  d  (for  density)  p(i,j)  is  positive,  otherwise  it  is 


zero.  If  it  is  positive,  then  it  is  selected  from  a  uniform 
distribution  from  b  (lower  bound)  to  u  (upper  bound). 


Let  Y  =  max  (X^,  X2 ,  ...  ,  X^)  where  each  X^  is  independent 

and  has  the  distribution  defined  for  X. 

Then 

P  (  y  <=  y  )  =  P  (  max  (X^)  <=  y) 

=  P  (  Xx  <=  y,  X2  <=  y . Xm  <  =  y  ) 

=  [  P(  X  <=  y  )  ]m 

|  ( 1  -  d )  m  for  y  <  b 

1 

=  <  [(1  -  d)  +  d  (y  -  b)/(u  -  b)  ]  for  b  <=  y  <.=  u 


Thus  E  [  Y  ] 


[  1  "  (  1  -  d  ]  b 


+  (  u  -  b 


(u-b)  (l-(l-d) (m+1)  ) 

d  (  m  +  1  ) 


This  value  is  the  maximum  expected  p(i,j)  that  can  be  used  to  attack 
any  target;  that  is,  it  is  equal  to  E  [  M(j)  ]  for  all  j. 


Let  w  =  a'  mod  n.  Then  PEV  is  the  predicted  expected  surviving 
target  value  as  in  (5.1)  where  here 


PEV  =  (n-w)(l-E[M(j)])g  +  w(l-E:M(j)])(g*1) 


Simulations  were  run  with  p ( i ,  j )  matrices  generated  from  the  class  o 
distribution  as  described  above.  The  range  of  parameter  values  ire 
given  below;  not  all  possible  combinations  cf  density  and  number  nf 
weapons  and  projectiles  were  run  for  each  number  of  targets  case.  a 
possible  mean  values  of  p ( i , ;;  were  run  for  chosen  values  of  the  nth 
p  a  r  i  r  e  t  e  r  s  . 
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Number  of  targets: 

Number  of  weapons:  5,10,20,25,40,80,100,200 

Number  of  projectiles:  5,10,20,25,40,80,100,200 

Density:  0.05,0.10,0.25,0.50,0.75,1.0 

Mean  p(i,j):  0.1  to  0.9  in  increments  of  0.1 

Variance  p(i,j):  For  each  mean  p(i,j),  by  range  from  0  to 

maximum  feasible,  keeping  the  distribution 
symmetrical 

The  output  was  voluminous;  the  summary  is  given  in  the  following  graph. 

The  horizontal  axis  represents  the  product  of  density  and  number  of 

weapons,  the  expected  number  of  weapons  with  positive  p(i,j)  for  any 
target,  called  the  number  of  useable  weapons.  The  vertical  axis  is  the 
percentage  deviation  from  equation  (5.2)  observed  in  the  simulations. 


Deviation  Observed  Values  Are 

From  Optimal  Expected  Values 


Expected  Number  of  Useable  Weapons 


As  seen  in  the  graph,  equation  (5.2)  is  not  only  a  bound  for  the 
performance  of  Algorithm  I,  but  can  be  used  as  a  closed-form 
approximation  for  the  number  of  surviving  targets  for  even  relatively 
small  matrices  of  the  type  studied  here;  for  large  matrices,  the  error 
should  approach  zero  and  was  observed  to  do  so  in  the  simulations. 

A  reasonable  rule  based  on  the  empirical  data  would  be  to  apply  the 
approximation  when  the  expected  number  of  useable  weapons  (those  with 
positive  p(i,j)  )  is  over  5.  The  overall  average  percentage  deviation 
observed  from  equation  (5.2)  in  all  runs  with  five  or  more  expected 
useable  weapons  is  less  than  3%. 

In  addition  to  checking  Algorithm  I  against  optimality,  it  is 
interesting  to  compare  its  performance  with  a  different  Algorithm, 
Algorithm  D.  Algorithm  D  assigns  projectiles  independently  of  the 
(positive)  value  of  p(i,j).  It  simply  searches  for  the  next  available 
positive  p(i,j)  and  assigns  a  projectile  from  i  to  j .  Algorithm  D  is  a 
proxy  for  the  policy  of  estimating  whether  a  given  p(i,j)  is  positivr 
or  zero,  but  not  estimating  the  magnitude.  The  result  of  using 
Algorithm  D  is  to  use  on  average  the  average  p(i,j).  From  the  results 
of  this  Section,  it  is  evident  that  Algorithm  I  on  average  ends  up 


using  the  maximal  elements  of  the  p ( i , j )  matrix.  When  there  is  no 
variance  in  the  distribution  of  the  p(i,j)'s,  the  two  Algorithms  will 
perform  essentially  the  same.  But  when  the  variance  is  non-zero,  the 
considerable  difference  in  their  performance  is  directly  related  to  the 
size  of  the  variance.  The  following  graphs  will  illustrate  this.  The 
first  shows  what  the  expected  number  of  hits  would  be  for  the  two 
Algorithms  when  an  equal  number  of  projectiles  is  available  for  both. 
The  second  shows  how  many  projectiles  Algorithm  D  must  have  at  its 
disposal  to  equal  the  performance  of  Algorithm  I;  the  number  of 
projectiles  Algorithm  I  can  use  is  held  constant. 
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VI.  SMALL  CASE  RESULTS 

The  performance  of  Algorithm  I  has  been  shown  to  approach  optimality 
for  large  problems.  In  small  problems,  empirical  results  indicate  that 
while  Algorithm  I  does  very  well,  improvement  is  possible. 

Some  of  the  distributions  for  the  p(i,j)'s  discussed  in  Section  V  were 
used  to  generate  small  matrices.  Algorithm  I  was  run  on  100  matrices 
for  each  set  of  parameter  values.  The  results  are  given  below.  While 
these  runs  were  made  with  the  uniform  distribution  from  [  0.2, 0.8  ]  and 
density  =  1,  runs  were  made  on  distributions  with  other  parameters  of 
the  range.  Those  runs  were  not  done  in  nearly  as  many  cases  as  those 
below,  but  similar  results  were  obtained. 


COMPARISON  OF  ALGORITHM  I  WITH  COMPLETE  ENUMERATION  FOR  SMALL  CASES 


Weapons 


Targets  Projectiles  Algorithm  I  Complete 

No.  of  hits  Enumeration 


Average 

Off 


— 


h 


VII.  OTHER  ALGORITHMS 


There  is  another  algorithm  which  has  proved  useful  in  solving  Problem 


Let  X(s)  =  a  matrix  of  {  x(i,j)  }  such  that 


x(i,j)  =  s  and 


i  =  1  j  =  1 


x(i,j)  >=  a  for  all  i. 


X(s)  is  an  assignment  of  exactly  s  weapon  projectiles  to  targets;  this 
assignment  is  infeasible  for  a  given  weapon  when  the  inequality  holds, 
and  reaches  feasiblity  at  equality. 
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p(l, 3 ) 

q(i, j) 


R ( s )  =  P'V'Q(s) . 


r(  i(s),j(s)  )  =  the  minimum  entry  of  R(s)  such  that 


x(i(s) , j)  >=  a 


j  =  l 


x  (  i(s) , j (s)  )  >  0, 


Elements  of  R(s)  are 


P(i#  j)v(j)q(j) 
q(i, j) 


v(j)q(j)  i  -  -  1 

I  q(i,j) 


=  -  (  v(j)q(j)  )  + 


v  ( j  )  q  ( j  ) 
qU,  j) 
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The  first  term  is  the  negative  of  the  expected  value  of  target  j  when 
the  s  projectiles  described  by  X(s)  have  been  fired.  The  second  term 
is  the  expected  value  of  target  j  if  one  projectile  from  weapon  i  is 
removed  from  X(s).  Thus  element  (i,j)  of  R(s)  is  the  expected  increase 
in  target  j's  value  which  results  from  sending  one  less  projectile  to 
it  from  weapon  platform  i.  The  least  effective  projectile  currently 
sent  is  from  weapon  i(s)  to  target  j (s) . 

Algorithm  II 

Step  1.  Set  s 

=  a  *  (  m  *  n  -  the  number  of  zero  entries  in  P  ) . 

Step  2.  Set  X(s)  =  {  a  )  for  all  i,j  such  that  p(i,j)  >0. 

Step  3.  Calculate  R(s) . 

Step  4.  Find  i(s),j(s). 

Step  5.  Decrease  x(  i(s),j(s)  )  by  one,  forming  X(s-l). 

Step  6.  Decrease  s  by  one  to  s-1. 

Step  7.  If  s  =  a  *  m,  stop;  otherwise  go  to  Step  3. 


With  the  same  values  as  the  example  used  to  illustrate  Algorithm  I, 
Algorith  II  does  find  the  optimal  solution. 


V 


Step  3.  R ( 3 ) 


R  (  3  )  =  PA  V  '  Q  (  3  ) 


1.5  9.0 


0.0  2.33 


0.6  0.027 


0.0  0.70 


1  0 


0  1 


0.4  0 


0  0.03 


Step  4.  i(3)  =  1,  j ( 3 )  =  2  (since  weapon  platform  2  is 

already  feasible) . 


Step  5.  X ( 2 ) 


Q  (2 ) 


1  0 


0  1 


0.4  0 


0  0.3 


is  optimal  with  E(SV]  =  0.4  +  0.3  =  0.7 


Algorithm  II  does  not  reach  the  optimal  solution  always  and  it  is 
slower  than  Algorithm  I  to  run.  However,  as  the  example  above 


illustrated,  there  are  times  when  Algorithm  II  is  superior  to  Algorithm  ^ 
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I.  Since  Algorithm  I  has  been  shown  to  be  optimal  in  the  limit,  it 
would  be  useful  only  in  small  cases,  where  run  times  would  not  be 
prohibitive . 

If  there  is  some  special  structure  to  the  p(i,j)  matrix,  then  it  is 
quite  possible  for  a  variation  of  either  Algorithm  I  or  II  to  be 
superior  to  the  original.  As  an  example,  suppose  the  matrix  looks 
like  the  following,  with  numerical  values  a  >  b 

Targets  123456789  10 

Weapons 

1  aaaaabbbbb 

2  bbbbbOOOOO 

Algorithm  I  would  have  weapon  1  first  attack  targets  1  through  5.  If 

weapon  1  ran  out  of  projectiles  before  being  able  to  atack  targets  5 
through  10, then  it  would  have  been  better  to  attack  targets  6  through 
10  with  weapon  1  and  targets  1  through  5  with  weapon  2.  The  problem  is 
that  projectile  resources  are  limited  relative  to  targets;  for  if  there 
were  enough  projectiles  on  weapon  1  to  attack  all  ten  targets,  that 
would  be  optimal.  A  variation  that  would  be  better  would  be  to  attack 
targets  in  order  from  least  number  of  possible  weapon-target  pairs  to 
most,  using  Algorithm  I  within  each  set  of  targets.  Here  that  means 
attacking  targets  6  through  10  with  weapon  1  first  and  then  going  on  to 
targets  1  through  5. 


This  example  could  be  generalized  to  include  a  larger  number  of  weapons 
and  targets  and  a  range  of  p(i, j) 's  which  would  cause  similar  behavior 
of  Algorithm  I. 


v 


There  are  many  other  special  structures  which  the  author,  in 
collaboration  with  John  Kattar,  has  examined.  See  Kattar  [1985].  For 
many  of  the  structures,  variations  of  Algorithm  I  are  useful.  But, 
without  information  about  the  actual  structure  of  a  system,  Algorithm  I 
has  been  shown  to  have  many  desirable  properties. 


Whether  Algorithms  I  or  II  or  a  variation  of  them  is  used,  it  would 
be  done  in  a  single  pass  through  the  problem  leading  to  a  solution. 
There  are  a  number  of  algorithms  which  can  be  used  after  a  solution  is 
found  by  any  one  of  these  single  pass  algorithms;  they  will  be  called 
second  pass  algorithms. 
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One  second  pass  algorithm  would  be  to  take  away  one  weapon's 
assignments  at  the  end  and  then  run  a  single  pass  algorithm  assigning 
the  newly  available  projectiles.  One  interesting  version  of  this  is  to 
randomly  pick  a  weapon  and  allow  the  new  solution  to  be  somewhat  worse 
than  the  previous  solution  without  discarding  it  and  going  back  to  the 
previous  solution.  This  can  continue,  with  the  size  of  the  allowable 
penalty  from  the  previous  solution  shrinking  as  a  function  of  the 
number  of  iterations.  In  some  sense,  this  is  in  the  spirit  of 
simulated  annealing,  which  allows  for  the  possibility  of  leaving  the 
trap  of  a  local  optimum  and  going  to  the  global  optimum  or  at  least  a 
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better  local  optimum.  This  was  not  examined  thoroughly;  again  some 
information  about  the  structure  of  the  p(i,j)  matrix  should  be 
available  before  looking  at  this  or  any  type  of  second  pass  algorithm. 
The  author  and  John  Kattar  looked  at  some  of  these  types  of  algorithms, 


but  not  in  a  completely  systematic  manner. 
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III.  THE  MULTI-PHASE  PROBLEM 


There  are  three  phases  or  layers  under  consideration  in  this  section: 
boost,  post-boost,  and  midcourse.  All  targets  which  survive  boost 
phase  are  single  targets  in  post-boost  phase?  all  targets  which  survive 
post-boost  phase  become  multiple  targets  in  midcourse  phase.  It  is 
assumed  that  there  is  enough  time  to  see  the  actual  results  in  the 
previous  phase  when  beginning  a  new  phase. 


n  =  the  number  of  targets  (boosters)  at  the  beginning, 

S(l)  =  the  surviving  number  of  targets  after  phase  1  (Boost), 

S ( 2 )  =  the  surviving  number  of  targets  after  phase  2  (Post-Boost), 

S ( 3 )  =  the  surviving  number  of  targets  after  phase  3  (Midcourse). 
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x(i, j ,k) 


=  the  number  of  weapons  allocated  from  platform 
i  to  target  j  on  phase  k  (these  are  the 
decision  variables)  and 


It  is  very  difficult  to  try  to  solve  a  problem  similar  to  Problem  I, 
that  is,  where  the  objective  is  to  minimize  the  expected  surviving 
target  value.  A  more  obtainable  goal  is  to  find: 

1.  {  a(l)  }  =  an  initial  supply  of  weapons  on  every  weapon 
platform  and 

2.  for  all  i,j,k,  (x(i,j,k)}  =  a  set  of  weapon  to 
target  assignments  such  that 


P  (  S(i)  <=  g(i)  )  >=  1  -  e  for  i=l,2,3 


where  g(i) 


is  a  predetermined  goal  and  e  is  a  small  positive  number.  Note  that  a 
probability  is  being  controlled  here,  rather  than  the  more  usual 
expected  value.  The  constraint  then  would  have  been  stated  "such  that 
E[  SBV  ]  <=  C,  where  C  is  a  predetermined  level". 

One  way  to  solve  the  last  formulation,  called  Problem  II,  is  to  follow 
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the  algorithm  described  below. 


Algorithm  III 


The  algorithm  is  stated  as  follows: 


Step  1.  Use  Algorithm  I  and  allocate  the  next  weapon  on  the  first 
phase. 


Step  2.  Calculate  P  (S(l)  <=  g(l)  )  =  p(l) 


Step  3.  If  p(l)  >=  (1  -  e)  go  to  step  4, otherwise  go  to  step  1. 


Step  4.  Use  Algorithm  I  and  allocate  the  next  weapon  optimally  on  the 
second  phase. 


Step  5.  Calculate  P  (  S(2)  <=g(2)  )  =p(2). 


Step  6.  If  p(2)  >=  (1  -  e)  go  to  step  7,  otherwise  go  to  step  4 


Step  7.  Allocate  the  next  weapon  optimally  on  the  third  phase. 


Step  8.  Calculate  P  (  S(3)  <=g(3)  )  =p(3) 


Step  9.  If  p ( 3 )  >=  (1  -  e)  done,  otherwise  go  to  step  7. 


Note  that  there  are  assumed  to  be  an  infinite  number  of  weapons 
available  on  each  platform  to  start.  One  result  of  the  algorithm  is 
how  many  weapons  are  actually  needed.  Calculation  of  steps  2,5  and  8 
is  straightforward  but  tedious  for  exact  calulations.  As  was  noted  in 
Section  II,  the  Central  Limit  Theorem  is  appropriate  and  makes 
approximate  calculations  very  easy.  The  calculations  reduce  to 
checking  until  the  z-value  of  the  goal  number  of  hits  is  less  than  or 
equal  to  -  z&,  the  z-value  with  area  under  the  normal  curve  to  the  left 
equal  to  e. 


By  substituting  "value  of  targets"  for  "number  of  targets"  above,  the 
same  analysis  could  be  used  to  find  a  solution  which  satisfies  goals 
based  on  value  of  targets  hit  rather  than  on  number  of  targets  hit. 
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In  this  section  a  closed  form  approximation  is  developed  which  relates 
the  following  variables:  number  of  targets,  total  number  of 
projectiles,  average  single-shot  probability  of  hit,  goal  number  of 
hits,  total  cost,  and  the  probability  of  achieving  the  goal  number  of 
hits.  Using  this  approximation,  it  is  straightforward  to  determine 
resource  requirements  (the  number  of  projectiles)  necessary  to  achieve 
overall  system  goals  (getting  the  goal  number  of  hits  with  a  given 
probability) .  This  approximation  can  be  used  in  any  phase  (boost, post¬ 
boost  or  midcourse) .  This  is  a  different  and  simpler  approach  than 
that  of  Section  V.  This  approximation  is  useful  in  examining  confidence 
and  cost  issues. 

Let 

g 

and  e 

of  hits . ) 

Let  v(j)  =  1  for  all  j;  this  is  assumed  because  the  emphasis  here  is  to 
hit  a  certain  number  of  targets,  without  regard  to  their  value.  Global 
confidence  is  defined  to  be  the  probability  of  hitting  at  least  the 
goal  number  of  targets,  i.e.  P  (  T  >=  g  ) ;  thus  global  confidence  is 
numberically  equal  to  1  -  e.  Getting  the  goal  number  of  hits  with  a 
given  global  confidence  will  be  called  "achieving  the  goal  of  the 
system"  in  what  follows. 


=  the  goal  number  of  hits, 

=  the  probability  that  T  <  g.  (T  is  the  total 


Form  a  matrix  of  p(k, j) 's  where  each  element  is  pA.  Without  loss  of 
generality  (since  all  the  p(k,j)'s  are  the  same)  assume  that  there  is 
one  weapon  platform  (  m  =  1  ) . 

Then  for  any  value  of  total  projectiles  a',  an  optimal  assignment 


((a'-  a'mod  n)  /  n)  +  1 

x(l,j)  = 

(  a'-  a'mod  n)  /  n) 

Suppose  that  a ' =  n ;  then  x  ( 1 ,  j  )  =  1 


for  j  =  1  to  a'mod  n 
for  j  =  (a'mod  n)  +  1  to  n. 
is  optimal. 


Since  T  is  approximately  normally  distributed  (see  Section  II.) 

g  -  npA  =  -ze  (the  z-score  with  probability  e 

at  or  below  ) 

\|  (  npA ( l-pA )  ) 
holds  approximately. 

This  can  be  solved  for  pA ;  by  simple  manipulation  the  quadratic 
equation 

p'2(n2  +  ze2n)  -  pA(2ng  +  zg2n)  +  g2  =0 
is  derived. 
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The  solution  to  use  is: 


PA 

(2ng  +  z  0  2  n )  +  \|(2ng  +  ze2n) 2  -  4g2(n2  +  ze2n) 

2 (n2  +  z  2n) 
e 

(The  other  solution  gives  zg  instead  of  -ze-) 

Note  that  a  lower  bound  for  pA  is  g/n  (the  value  of  pA  when  zg  =  0  ) . 

Thus,  for  the  allocation  {  x(l,j)  =  1  for  all  j  }  to  achieve  the  goal 
of  the  system  implies  a  uniform  single  shot  probability  of  pA  above. 

The  probability  of  any  single  projectile  missing  a  target  in  this 
situation  is  (1  -  pA). 


Now  suppose  that  a  matrix  of  unequal  p(k,j)'s  is  given.  Let  p  be  the 
average  of  all  the  non-zero  p(k,j)'s.  Form  a  new  matrix:  p(k,j)  =  p 
for  all  k  and  j.  (The  values  p  and  pA  are  not  necessarily  the  same;  in 
fact,  it's  very  unlikely  that  they  would  be  equal.)  That  is,  all  the 
projectiles  are  assumed  to  be  identical  in  performance,  but  their 
single-shot  probability  of  hitting  any  target  is  most  likely  different 
than  what  is  needed  to  achieve  the  goal  of  the  system  with  one  shot  at 
each  target.  Again,  we  can  assume  one  weapon  platform  (m  =  1)  without 
loss  of  generality.  If  a  continuous  number  of  projectiles  could  be 
sent  from  a  weapon  platform,  an  equivalent  way  to  guarantee  achieving 
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the  goal  of  the  system  is  to  have  each  weapon  platform  send  out  a 
projectiles,  where  a  is  the  solution  to  the  following: 


(1  -  p)  =  (1  -  pA)  for  a  >  l. 

The  value  a  must  be  larger  than  one,  else  (  1  -  p  )  will  be  raised 
to  a  fractional  power  increasing  the  left  hand  side  instead  of 
decreasing  it. 


The  solution  is  a  =  In  (l-pA)  /  In  (1-p).  The  condition  a  >  1 
implies  pA  >  p.  Since  the  lower  bound  of  pA  is  g/n,  the  approximation 
should  definitely  not  be  used  unless  p  <  g/n. 


Since  there  are  n  targets,  a'  *  the  smallest  integer  larger  than  (na) 
gives  an  approximate  value  for  the  overall  global  requirement  of 
projectiles  needed  to  achieve  the  criterion 


P(H>g)=l-e, 

and  hence  to  achieve  the  goal  of  the  system. 

Clearly,  this  solution  a 'is  only  an  approximation  of  the  actual  number 
of  projectiles  needed  to  achieve  the  goal  of  the  system.  It  should  be 
emphasized  that  if  there  is  one  known  matrix  {  p(k,j)  },  the 
calculation  of  the  number  of  needed  projectiles  to  achieve  the  goal  of 
the  system,  using  what  is  an  optimal  or  near  optimal  assignment,  is  not 
an  onerous  one. 


43-58 


The  approximation  is  least  accurate  for  values  of  p,  the  actual  average 
single-shot  probability  of  hitting  a  target,  close  to  one.  This  is  as 
a  result  of  the  skewness  of  the  distribution  of  the  number  of  hits  (H) ; 
the  closer  p  is  to  one,  the  more  skewed  the  distribution  of  H  will  be. 
The  Central  Limit  Theorem  does  guarantee  that  in  the  limit,  as  the 
number  of  targets  gets  very  large,  the  approximation  becomes  more 
accurate.  Thus,  the  predictions  from  the  approximation  should  become 
better  on  average  as  the  number  of  targets  increases.  Also,  for  the 
same  reason  the  predictions  from  the  approximation  should  become  better 
on  average  as  the  proportion  of  goal  hits  decreases. 


Goal  Global  Single  Shot  Projectiles  Per 

Number  Confi-  Hit  Needed-  Cent 

of  Hits  dence  Probability  Actual  Predicted  Error 


Number 

of 

Targets 


Single  Shot  Hit  Probability 

99%  Confidence  +  75%  Confidence 
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Though  much  more  sophisticated  approximations  were  developed  in  Section 
V,  the  approximation  in  the  Section  has  a  number  of  uses.  First  of 
all,  it  indicates  that  to  achieve  much  higher  global  confidence,  it  is 
not  necessary  to  use  many  more  projectiles.  Secondly,  while  the  total 
number  of  projectiles  necessary  to  achieve  the  goals  of  the  system 
increases  as  a  function  of  p  (the  average  single-shot  probability  of 
hit) ,  the  total  cost  of  the  projectiles  does  not  necessarily  increase. 


Suppose  the  cost  of  firing  an  individual  projectile  is  only  a  function 
of  the  single-shot  probability  of  hit.  This  cost  could  include  the 
actual  cost  of  making  the  projectile,  sending  it  into  space  and 
controlling  it  once  in  space.  It  seems  reasonable  that  the  higher  the 
probability  of  hit,  the  more  expensive  the  projectile  would  be.  Using 
the  following  notation, 

c(p)  =  the  cost  of  firing  an  individual  projectile,  with  single 
shot  probability  of  hit  equal  to  p, 


c(p)  =  CQ  (-In  (1-p) ) 


If  this  cost  function  is  assumed  then  the  total  cost  of  all  projectiles 
necessary  to  achieve  the  goals  of  the  system  (TCS)  is 


TCS  =  a  n  c(p) 


=  n  Cn  ( In ( l-pA ) ) 
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Thus  TCS  is  not  a  function  of  p,  when  c(p)  is  as  above.  If  the  cost  of 
a  projectile  increases  as  a  function  of  p  more  rapidly  than  c(p),  it 
would  be  less  costly  to  use  many  relatively  cheap  projectiles  to 
achieve  the  goal  of  the  system.  If  the  cost  of  a  projectile  increases 
less  rapidly  than  c(p) ,  it  would  be  less  costly  to  use  few  relatively 
expensive  projectiles. 


43-63 


.4  i 


Average  Single  Shot  Hit  Probability 
□  For  Co  ■  100 


X.  CONCLUSIONS 


Much  is  now  known  about  the  the  performance  of  Algorithm  I.  Without 
specific  information  about  the  structure  of  the  p(i,j),  Algorithm  I  is 
the  Algorithm  of  choice. 

The  method  of  analysis  used  is  as  important  as  the  analysis.  Whether 
or  not  the  problem's  formulation  in  this  report  is  the  best  one,  it  is 
hard  to  imagine  that  there  will  not  be  diminishing  marginal  returns  of 
some  type  when  assigning  projectiles  sequentially. 

The  analysis  shows  the  importance  of  trying  to  measure  the  p(i,j)'s. 

If  the  problem  is  formulated  differently,  it  is  reasonable  to  conclude 
that  it  would  be  just  as  important  to  estimate  the  return  function 
components  in  the  different  formulation  as  the  p(i,j)'s  in  this 
formulation. 

Finally,  insight  gained  from  thinking  about  the  problem  formulated  this 
way  aids  in  understanding  any  other  type  of  formulation. 


XI.  SUMMARY 


THE  PROBLEM 

o  Weapon  platforms  are  satellites  containing  projectiles. 

o  Targets  are  boosters  or  reentry  vehicles. 

o  The  problem  is  to  assign  projectiles  to  targets  in  order  to 
minimize  the  surviving  target  value,  subject  to  the  available 
supply  of  projectiles. 


ASSUMPTIONS 


o  The  value  of  each  target  is  known. 

o  The  maximum  probability  over  time  of  hitting  a  given  target 

with  a  projectile  from  a  given  weapon  platform  is  known  for  all 
targets  and  weapon  platforms. 


o  There  is  probabilistic  independence  among  projectiles. 


RESULTS 


o  One  way  to  solve  the  problem  optimally  is  to  use  complete 

enumeration.  However  with  100  targets,  10  weapon  platforms  and  10 
projectiles  per  weapon  platform,  there  are  approximately  10130 
different  possibilities. 


o  There  is  an  algorithm,  named  Algorithm  I,  which  assigns 
projectiles  sequentially  using  a  maximum  marginal  return 
criterion  which  seems  to  work  reasonably  well,  based  on 
preliminary  data. 

o  There  are  second-pass  algorithms  which  find  solutions 
which  improve  upon  those  from  Algorithm  I . 

o  For  any  p(i,j)  matrix  and  a  given  assigment  of  projectiles, 
the  probability  distribution  of  the  number  of  hits  can  be 


calculated. 


o  There  is  a  closed  form  approximation  which  relates  the 


distribution  of  the  number  of  hits  to 


— the  average  PK 


— the  number  of  targets 


— the  total  number  of  projectiles 


— the  probability  of  achieving  the  "goal  of  the  system" 
(hitting  a  certain  number  of  targets) 


o  This  approximation  can  be  used  for  resource  requirements 
for  different  degrees  of  confidence  in  achieving  the  goal 
of  the  system  and  in  making  cost  calculations. 

o  Sufficient  conditions  for  optimality  were  found. 

o  The  algorithm  is  optimal  in  the  limit  as  the  number  of  weapon 
platforms  increase. 


I 


o  The  algorithm  is  optimal  at  any  point  during  the  assignment 
process  when  no  platform  has  been  emptied  of  projectiles. 


o  There  is  a  way  to  measure  how  well  the  algorithm  performs  in 
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any  given  run. 


o  Simulation  results  agree  with  the  analytic  work.  In  practical 


terms ,  the  size  of  the  problem  does  not  have  to  be 


extremely  large  for  the  algorithm  to  perform  very  well. 


o  For  small  problems,  performance  is  quite  good.  The  second 


pass  algorithms  are  useful  in  small  problems  and  are 


reasonable  to  use  in  such  cases, 


o  There  is  a  closed  form  approximation,  exact  in  the  limit,  which 


relates  the  expected  value  of  the  surviving  targets  to 


— the  di. 


of  the  p(i, j) 's 


— the  number  of  targets 


— the  number  of  weapon  platforms 


— the  number  of  projectiles  per  weapon  platform 
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o  The  performance  of  Algorithm  I  was  compared  with  that  of 

"Algorithm  D" .  Algorithm  D  assigns  projectiles  independently  of 
the  (positive)  value  of  PK.  Algorithm  D  is  a  proxy  for 
the  policy  of  estimating  whether  a  given  PK  is  positive 
or  zero,  but  not  estimating  the  magnitude. 


WHAT  IS  THE  VALUE  OF  THIS  ANALYSIS? 


o  Much  is  now  known  about  the  algorithm. 


o  The  method  of  analysis  used  is  as  important  as  the  analysis. 


o  Shows  the  importance  of  trying  to  measure  the  p(i,j)'s. 


o  Insight  gained  from  thinking  about  the  problem  formulated 

this  way  aids  in  understanding  any  other  type  of  formulation. 
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L.  INTRODUCTION 


One  of  the  oldest  aviation  problems  is  the  Route  Planning 
Problem.  In  planning  his  flying  route  from  Origination  Point  to 
Destination  Point,  a  pilot  takes  into  consideration  weather, 
topography,  distance,  fuel,  weight,  wind  and  many  other  factors. 
Although  the  shortest  route  from  Origination  Point  to  Destination 
Point  is  obviously  the  straight  line  between  them,  the  territory 
over  which  the  friendly  pilot  flies  often  contains  enemy  threats. 
When  flying  over  an  enemy  threat  the  pilot  risks  being  shot  down. 
In  this  case,  when  risks  are  involved,  the  pilot  is  searching 
for  the  shortest  route  that  avoids  the  threats.  If  it  is 
impossible  to  avoid  the  threats,  then  the  problem  is  to  determine 
the  route  that  minimizes  the  risk  even  though  passing  through  the 
threats.  The  rou  -hich  minimizes  the  risk  might  not  be  the 
shortest  distance,  is  the  least  lethal  route.  The 

lethality  is  a  utility  :  unction  which  represents  the  risk 
involved.  The  optimal  route  that  minimizes  the  utility  of  the 
lethality  also  minimizes  the  overall  risk  of  flying  from 
Origination  Point  to  Destination  Point. 

A  pilot  can  fly  at  various  speeds.  The  faster  he  flies  the 
er  the  probability  of  a  successful  missut.  Fast  flying 
consumes  more  fuel  and  shortens  both  the  total  flying  distance 
and  the  t  . a  1  flying  time  available.  A  pilot  thus  should 

optimize  his  tu-.-l  consumption  and  his  flying  speed  throughout  the 
route. 
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2.  OBJECTIVES  OF  THE  RESEARCH  EFFORT 

A  model  is  a  compromise  between  complexity  and  accuracy. 
There  is  a  tradeoff  between  the  addition  of  features  and  the 
cumbersomeness  of  operating  the  model.  We  can  always  add  more 
features,  but  the  cost  associated  with  those  additional  features 
is  translated  through  the  complexity  of  the  model.  We  try  to 
keep  the  model  as  simple  as  possible  and  yet  expect  it  to  meet 
the  accuracy  required  by  the  user. 

The  Route  Planning  Problem  has  been  studied  for  a  long  time. 
A  research  effort  has  been  an  on-going  project  for  several  years 
at  The  Rome  Air  Development  Center  in  the  Decision  Aid  Section. 
Mr.  Clark  Mollenhauer  has  been  leading  a  research  effort 
conducted  at  the  Georgia  Institute  of  Technology  by  Gene  Coleman 
and  Barnie  Jones  [51.  We  did  not  have  the  opportunity  to  test 
'heir  model,  out  it  is  our  understanding  that  the  model  is  very 
detailed,  requires  a  large  computer,  and  has  an  extremely  long 
running  time. 

Ma]or  Kruchten  has  built  an  alternative  model  which  solves  a 
similar  problem.  His  approach  is  a  heuristic  one  where  good 
solutions  are  obtained,  but  these  solutions  are  not  necessarily 
t he  optimal  solutions.  A  pilot's  approach  in  real  life 
situations  to  this  same  problem  is  also  a  heuristic  approach 
whereby  the  pilot  is  searching  for  a  good  and  feasible  solution 
which  need  not  be  the  optimal  one.  It  is  good  enough  if  the 
solution  is  within  a  certain  percentage  from  the  theoretical 
optimal  solution.  This  is  the  approach  taken  by  Ma]or  Kruchten  in 
modeling  and  solving  the  problem.  A  good  detailed  description  of 
'•-his  heuristic  approach  is  given  in  (2j. 
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Integrated  Sciences  Corporation  conducted  a  study  for  the 
office  of  Naval  Research  (1]  that  investigated  ways  to  allocate 
functions  between  humans  and  computers.  Part  of  their  study  was 
deciding  the  path  that  an  aircraft  would  take  to  get  to  a  target. 
Two  possibilities  were  considered:  a  nonlinear  programming 
approach  and  a  dynamic  programming  approach.  One  of  the 
conclusions  of  their  study  was  that  the  dynamic  programming 
approach  is  a  viable  and  valid  tool  for  solving  the  Route 
Planning  Problem. 

The  objective  of  our  research  effort  is  to  build  a  Route 
Planning  model  that  is  accurate  enough  in  replicating  the  real 
life  problem  and  at  the  same  time  can  be  solved  in  relatively 
short  computer  time.  Among  the  different  existing  models  the  one 
we  are  building  is  placed  somewhere  between  the  following  two 
extreme  cases.  At  one  extreme  there  are  the  detailed, 
cumbersome,  sophisticated,  slow  models  and  at  the  other  extreme 
there  are  the  crude,  robust,  simple,  straightforward  approaches. 
The  model  that  we  suggest  here  is  in  between  these  two  extremes. 
Our  model  is  a  simple  one,  can  be  solved  in  relatively  short 
computer  time,  and  is  accurate  enough  for  our  needs. 

The  goal  of  this  research  is  to  demonstrate  that  the  true 
optimal  solution  can  be  achieved  using  dynamic  programmina  in 
reasonable  computer  time.  This  demonstrates  that  from  a 
practical  point  of  view  dynamic  programming  is  a  viable  vehicle 
to  solve  the  problem.  The  model  presents  concepts  rather  than 
d**rai  Is. 

Two  versions  of  the  model  were  built.  The  first  searches 
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toe  the  optimal  route  under  the  assumption  that  the  airplane  can 
fLy  at  a  single  speed  with  no  fuel  restrictions  imposed  on  the 
plane.  A  second  model,  more  complicated  and  more  sophisticated, 
does  allow  for  multiple  flying  speeds.  Each  flying  speed  has  a 
different  fuel  consumption  rate  with  a  total  limited  on  board 
fuel  amount.  The  optimal  solution  here  includes  both  route  and 
speed.  At  each  leg  of  the  route  the  model  determines  the  optimal 
speed  for  that  leg  (Thus,  the  first  model  is  a  special  case  of 
the  second  model). 


3.  MKT  HO  DO  LOGY 


A  model  was  written  using  Fortran  77  for  a  Cyber  750.  Some 
of  the  input  data  are  coded  and  are  part  of  the  structure  of  the 
model.  To  change  them  one  has  to  modify  the  code.  The  rest  of 
the  input  data  is  inserted  interactively.  The  model  queries  for 
specific  input,  and  the  operator  must  respond.  The  output  of  the 
model  is  directed  to  the  screen  in  an  on-line  fashion. 
Alternatively,  the  output  can  be  directed  to  a  hard  copy  printer. 
A  simple  model  can  be  run  in  less  then  ten  minutes.  First,  we 
discuss  a  model  with  a  single  flying  speed,  for  which  flying 
speed  is  not  a  decision  variable.  Later,  we  consider  multiple 
speeds  with  various  fuel  consumptions  and  search  for  both  route 
and  flying  speed  for  each  leg. 

3.1  INPUT  DATA 

The  model  expects  the  following  input  data: 

a.  Origination  Point  (start  of  route) 

b.  Destination  Point  (end  of  route) 

c.  Threats 

Each  threat  is  represented  by  the  coordination 
(x,y)  of  the  center  of  the  threat;  the  radius 
within  which  the  threat  is  effective;  the 
probability  of  kill  of  the  threat*. 


The  assumption  is  that  the  cells  are  small  enough  and  the  time 
that  -he  airplane  flies  over  each  cell  is  very  shot".  The 
probability  (P)  of  being  hit  over  one  cell  is  independent  of  the 
probability  of  being  hit  over  another  cell. 
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The  route  can  he  anywhere  in  the  rectangular  field  which 
defines  the  flying  space  of  the  airplane.  Note  that  no 
restrictions  are  imposed  on  the  locations  of  the  Origination 
Point  and/or  the  Destination  Point.  These  points  can  be  anywhere 
in  the  field  —  inside  a  threat  or  outside  a  threat.  A  typical 
situation  is  of  course  when  the  starting  point  is  outside  all 
threats  and  the  Destination  Point  is  well  protected  by  manv 
threats  and  most  likely  is  inside  several  threats.  Implicit 
input  data  is  a  rectangular  flying  space  computed  internally  by 
-re*  model. 

"ho  field  is  divided  into  equally  spaced  grids.  The 
refinement  of  the  model  depends  on  the  number  of  grid  points  in 
the  model.  Fach  cell  is  an  area  surrounded  by  four  grid  points. 
The  dimensions  of  the  cell  (its  length  and  width)  depend  on  the 
nitti'e:  of  grid  points  in  the  field.  The  greater  the  number  of 
grid  points,  the  smaller  the  dimensions  of  the  cells,  and  the 
more  refined  the  model  is.  The  more  grid  points  we  have,  the 
more  *  he  cells  shrink,  and  the  more  we  -'an  improve  the  model1.' 
resolution  and  pinpoint  properties.  Thus  finer  resolution  is 
ache i ved  with  more  grid  points. 

Our  model  assumes  that  the  airplane  moves  from  the  center  of 
one  cell  to  the  center  of  an  adjacent  cell,  and  that  eacn  cell 
can  be  addressed  by  the  coordinates  (i,j).  The  only  legitimate 
moves  are  from  the  center  of  one  cell  to  the  centers  of  eioht 
adjacent  cells  as  shown  in  Figure  1  Case  (a).  From  the  center  of 
cell  (i,j),  one  can  move  to  the  centers  of  cells  (1-1,3), 
(i,l-l),  (i,]  +  l),  (i-i,  i-l),  (i-l,i  +  l),  (1  +  1,1*.), 

(l+l, 1-1).  Obviously,  when  cell  (i,j)  is  on  the  boundary  •>( 


field,  fewer  than  eight  adjacent  celLs  are  legitimate  moves. 
From  side  boundary  point  (k,l),  Figure  1  Case  (b)  we  can  move  to 
five  adjacent  cells.  From  a  corner  boundary  point  (m,n),  Figure 
1  Case  (c),  we  can  move  to  three  adjacent  cells. 


3.2  THE  SEARCH  SPACE 

A  typical  field  has  a  grid  size  of  500  x  500,  generating 
250,000  cells.  Each  one  of  these  250,000  cells  must  be 
considered  as  a  potential  part  of  the  optimal  route,  creating  an 
enormous  number  of  computations.  It  would  be  very  advantageous 
to  lower  or  to  minimize  the  number  of  cells  that  are  potentially 
on  the  optimal  route.  We  can  do  this  by  eliminating  those 
inferior  points  which  could  not  conceivably  be  part  of  the 
optimal  route. 

For  example.  Figure  2  describes  a  field  of  250,000  cells 
which  contains  four  threats.  Two  arbitrary  routes  are  depicted  - 
Route  A  and  Route  3.  Route  A  cannot  be  an  optimal  raute 
because  it  is  inferior  to  Route  B.  The  Search  Space  that 
contains  all  potential  cells  that  should  be  considered  as  part  of 
-no  optimal  route  is  the  shaded  envelope  in  Figure  2.  No  other 
point  outside  this  shaded  region  can  be  part  of  the  optimal 
solution,  and  therefore  should  not  even  be  considered  as  part  of 
the  Search  Space.  By  using  this  approach  we  can  drastically 
reduce  the  number  of  cells  to  be  considered  by  several  orders  of 
magnitude.  This  savings  occurs  in  many  real  life  situation 
problems. 


The  minimal  Search  Space  is  the  convex  combination  generated 
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by  .ill  the  threats  and  Origination  Points  and  Destination  Point 


as  described  in  Figure  2.  However,  because  of  computer 
programming  code  simplifications,  we  have  modified  the  Search 
Space.  Figure  3  describes  the  Search  Space  considered  in  the 

model.  The  difference  is  that  in  Figure  2,  the  Search  Space  is  a 
convex  envelope,  while  in  Figure  3,  the  Search  Space  is  the 
smallest  rectangle  containing  all  threats,  Origination  Point  and 
Destination  Point. 

One  of  the  first  matrices  that  we  compute  in  solving  the 
problem  is  in  Table  1.  Table  1  identifies  every  cell  in  the 
field  and  assigns  a  number  to  each  cell.  The  number  one  means 
'■.hat  the  cell  is  under  a  single  threat.  For  example  cell  (10,9) 
is  within  the  range  of  a  single  threat.  The  number  zero 
i  ndicjt.es  that  the  cell  is  under  no  threat  and  is  part  of  the 
Search  Space.  For  example  cell  (8,11)  is  within  the  Search  Space, 
but  is  not  under  any  threat.  The  number  two  means  that  a  cell  is 
under  two  overlapping  threats.  For  example  cell  (10,12)  is  under 
*wo  threats.  The  OP  indicates  the  Origination  Point,  and  the  DP 
indicates  the  Destination  Point.  The  number  -5  (an  arbitrary 
numr.er)  indicates  that  this  particular  point  is  not  covered  by 
iny  threat  and  is  outside  the  Search  Space. 

Notice  that  the  Search  Space  is  a  little  larger  than  lust 
the  threats.  The  model  always  adds  an  extra  single  column  or 
■ingle  row  allowing  a  safe  flight  around  the  threats.  Without 
this  the  Search  Space  would  be  such  that  the  pilot  is  forced  to 
fly  through  the  threats.  With  this  extra  column  or  row  there  is 
ilwr/s  th»*  option  of  flying  around  threats  (  this  of  course  does 
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Table  1:  Threat  Matrix 
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Destination  Point 
Unthreatened  Cell 
Cell  Is  Under  One  Threat 
Cell  Is  Under  Two  Threats 
Not  part  of  the  Search  Space 
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An  example  of  a  lethality  function  is: 

P  ( i ,  ])  =  10  +  the  sum  over  all  m  (1000  x  qm(  i ,  j) ) . 

This  lethality  function  P(i,j)  is  called  the  probability  of  kill 
(PK)  and  represents  a  case  in  which  all  cells  have  a  minimal 
lethality  level  of  10  units  per  cell.  In  addition  cell  (i,j)  if 
covered  by  threat  m  has  an  additional  lethality  of  1000q  (i,j). 
The  factor  of  1000  has  the  effect  of  adding  a  huge  penalty  of 
1000q  (i,  j)  to  cell  (i,j)  due  to  threat  m.  Finally  the  sum  over 
all  m  simply  adds  penalties  for  all  threats. 

The  interpretation  of  this  lethality  function  is  that  by 
simply  flying  over  a  unthreatened  cell,  the  pilot  incurs  a 
minimal  lethality  risk  of  10  lethality  units.  However,  if  he 
flies  over  a  threatened  cell  then  the  risk  per  cell  is 
10  +  I000qfi](i,j)  lethality  units  which  is  an  order  of  magnitude 
bigger . 

Table  2  describes  the  Lethality  Matrix  when  we  have  two 
threats,  one  with  a  probability  of  PK  =  .7  and  the  other  with  a 
probability  of  PK  =  .8.  Some  cells  have  a  lethality  level  of  10. 
These  are  the  unthreatened  cells  such  as  (8,11).  Some  cells  have 
a  lethality  level  of  710  which  is  computed  by  10  +■  1000 (. 7 )  =  710 
such  as  point  (10,9).  Some  cells  have  a  lethality  level  of  310 
which  is  computed  from  10  +  1000 (.8)  =  810  such  as  point  (12,11). 
Finally,  there  are  some  cells  which  are  in  the  overlap  of  two 
threats,  they  incur  a  lethality  level  of  1510  computed  from 
10  *-  1000  (.7)  +  1000  (.8)  =  1510:  (10,  12)  is  such  a  point. 

Notice  that  Table  2  highlights  only  the  Search  Space  containing 
columns  7  to  15  and  rows  7  to  15  which  is  a  subset  of  the  field 
it r.»*l  f . 
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Table  2:  Lethality  Matrix 
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810  Cell  is  under  a  PK  =  .8  Threat 

1510  Cell  is  under  Two  Threats,  One  with  a  PK 

and  One  with  a  PK 
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■\  move  from  the  center  of  a  unthreatened  cell  to  the  center 


of  a  horizontal  or  vertical  adjacent,  cell  incurs  a  lethality  or 
10  units.  However  a  diagonal  move  to  an  adjacent  diagonal  cell 
incurs  a  higher  lethality  since  the  distance  is  further.  we 
assume  that  the  lethality  on  a  diagonal  move  is  14  units  computed 
by  the  square  root  of(102  +  1 0 2 )  =  approx  14  (computed  from  a 
right  triangle  with  all  numbers  truncated  at  the  decimal 
points).  Similarly  if  the  horizontal  or  vertical  lethality  is 
713  then  the  diagonal  move  is  710  x  1.4  =  994  and  for  the  310 
horizontal  or  vertical  move  the  diagonal  move  is 
810  x  1.4  =  1134.  Finally  for  the  1510  horizontal  or  vertical 
move  t he  diagonal  move  is  1510  x  1.4  =  2114. 

3.4  7HF  ALGORITHM 

3.4.1  SINGLE  SPEED  WITH  NO  FUEL  CONSIDERATION  MODEL 
Starting  from  the  Origination  Point,  we  first  compute 
cumulative  lethality  to  all  cells  which  are  under  no  ".create. 
The  technique  we  use  is  grid-oriented  forward  dynamic  programming 
with  a  recursive  equation  explained  in  Appendix  A.  Table  3  (a) 
presents  the  cumulative  lethality  from  the  Origination  Point 
(8,8)  to  all  unthreatened  cells. 

The  Origination  Point  is  (8,8)  and  the  cumulative  lethality 
at  (8,8)  is  obviously  zero,  but  as  you  move  to  cell  (7,3)  the 
cumulative  lethality  is  10  (a  horizontal  move),  or  if  you  move  to 
cell  (7,9)  the  cumulative  lethality  is  14  (a  diagonal  move).  The 
cumulative  lethality  from  the  Origination  Point  to  cell  (7,10) 
r:  24  unite  consistim  of  a  single  diaoonal  and  a  single  vertical 
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Table  3:  Cumulative  Lethality  from  Origination  Point  (8,3) 

to  all  Cells 
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final  Lethality  Matrix  Showing  Cumulative  Lethality 
from  Origination  Point  (8,8)  to  All  Cells 
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move  (10  *  14  =  24).  The  cumulative  minimal  lethality  from  the 
Origination  Point  to  (14,11)  is  80  units,  etc..  Table  3  (a)  also 
contains  *  which  consists  of  all  threatened  cells. 

Next,  the  algorithm  computes  penetration  points.  The 
penetration  points  are  boundary  points  from  which  a  pilot 
penetrates  inside  the  threatened  region.  Examples  of  penetration 
points  are  (8,8),  (8,9),  (7,9),  (7,10),  (7,11),  (8,11),  and  many 
other  points.  The  pilot  flying  into  the  threatened  area  must 
pass  through  at  least  one  of  these  penetration  points.  In  fact 
his  last  "safe  cell"  is  a  penetration  point,  just  before  entering 
the  threats. 

The  next  step  of  the  algorithm  is  to  compute  the  cumulative 
lethality  from  the  Origination  Point  to  all  cells  that  are 
:overed  by  a  single  threat  this  step  is  presented  in  Table  3  (b). 
For  example,  the  cumulative  lethality  from  Origination  Point  to 

(9.9)  is  720  (a  vertical  move  in  a  cell  with  710  lethality  from 

(3.9)  where  lethality  is  10).  Cumulative  lethality  to  point 
(11,101  is  1046  consisting  of  several  legs  over  cells  with  no 
threats  and  a  diagonal  step  over  a  cell  with  a  threat.  Once  we 
nave  computed  all  cumulative  lethalities  to  cells  covered  by  a 
single  threat,  we  compute  new  penetration  points  for  the  cells 
covered  by  two  threats.  These  penetration  points  are  (9,11), 
(9,12),  (9,13),  (10,11),  (10,13),  (11,10),  (11,12),  (12,9), 
(12,11),  (13,9),  (13,10),  (13,11).  The  next  step  is  to  compute 
cumulative  lethality  for  all  cells  covered  by  two  threats.  This 
process  repeats  itself  until  all  the  cells  in  the  Search  Space 
have  cumulative  lethality.  The  final  cumulative  lethality  is 


presented  in  Table  3  (c). 


•  4 
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All  that  is  left  now  is  to  identify  the  Destination  Point. 
The  cumulative  lethality  for  the  Destination  Point  is  the  minimal 
lethality  from  the  Origination  Point  to  that  Destination  Point. 
One  has  to  backtrack  the  process  to  identify  the  optimal  route. 
Some  examples  will  be  discussed  in  the  next  section. 

Notice  that  the  problem  we  solve  here  is  the  optimal  route 
from  point  A  to  point  3.  If  one  wants  to  compute  the  optimal 
route  from  point  A  to  point  3  and  return  to  point  A,  two  options 
are  available.  The  first  option  is  to  solve  from  a  to  ^  and  then 
from  3  to  A.  The  second  option  is  to  solve  the  route  from  A  to  3 
and  assume  it  is  similar  to  the  solution  from  3  to  A.  In  case  of 
fuel  consumption,  the  amount  of  fuel  on  board  the  plane  must  be 
twice  as  much  as  we  use  in  this  model  (for  the  return  trip). 

3.4.2  MULTIPLE  SPEEDS  WITH  FUEL  CONSIDERATION  MODEL 
This  model  is  a  complicated  version  of  the  one  described 
above.  It  has  the  additional  feature  that  allows  pilots  to 
choose  their  flying  speed.  Obviously  the  pilot  prefers  to  fly 
fist  to  minimize  his  risk,  but  flying  fast  consumes  more  fuel. 
:r  fuel  is  not  a  binding  constraint,  pilots  will  always  fly  fast, 
but  often  the  case  is  that  fuel  quantity  is  a  restriction.  The 
optimization  process  should  therefore  identify  over  which  legs  of 
the  route  the  pilot  should  go  fast  and  over  which  ones  the  pilot 
should  go  slower. 

For  the  sake  of  simplicity  let  us  assume  that  a  plane  can 
fly  only  at  three  speeds:  slow,  average,  and  fast  (this  can  be 
easily  expanded  to  five  speeds  or  more  at  the  expense  of  a  larger 
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computer  memory  and  longer  running  time).  Fuel  consumption 
increases  appr ox i mat e  1  y  quadr at i ca  1  ly  with  flying  speed.  For 
example,  if  speed  is  twice  as  fast,  fuel  consumption  is  2^  =  4 

times  higher.  If  speed  is  10%  faster,  then  fuel 

consumption  is  (1.1)2  _  p . 2 1  or  21%  more  fuel  is  required.  If 
speed  is  20%  less,  then  fuel  consumption  is  (.8)2  =  .64  or  fuel 

consumption  is  36%  less,  etc..  We  assume  a  simple  case  of  fuel 

consumption  as  presented  in  Table  4.  A  move  from  the  center  of 
one  cell  to  the  center  of  an  adjacent  horizontal  or  adjacent 
vertical  cell  at  an  average  speed  requires  five  units  of  fuel. 
The  same  steps  at  a  slow  speed  require  only  three  units  of  fuel 
and  at  a  fast  speed  require  eight  units  of  fuel.  Diagonal  moves 
are  approximately  the  square  root  of  (2)  =  1.4  or  40%  higher  than 
" or  i  zont  a  1 /ve r t  i  cal  moves.  Because  of  truncating,  fiel 
consumption  for  a  diagonal  move  for  slow,  average,  fast  speeds 
are  4,  7,  li  fuel  units  respectively. 

"he  risk  involved  over  a  cell  decreases  as  flying  speed 
:  n  ;r jses.  v/e  assume  an  inverse  linear  relationship  between 
flying  speed  and  lethality.  A  horizontal/vertical  move  from  one 
adjacent  cell  to  another  at  an  average  speed  carries  an  exposure 
of  10  lethality  units.  The  same  step  at  a  slow  speed  increases 
the  lethality  by  20%  to  12  units,  and  the  same  step  at  a  fast 
speed  decreases  the  exposure  by  20%  to  8  lethality  units. 
Diagonal  moves  carry  an  exposure  risk  which  is  the 
square  root  of  (2)  =  1.4  or  about  40%  higher  lethality.  As 
presented  in  Table  4,  slow,  average,  and  fast  flying  speeds  carry 
exposures  of  16,  14,  and  11  lethality  units  respectively  (all 
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numbers  are  truncated  to  integers).  Ot  course  Table  4  is  an 
arbitrary  table  and  the  user  can  simply  change  the  data  at  will. 
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This  discussion  relates  to  unthreatened  cells  with  a  minimal 
lethality  level  of  10.  If,  however,  we  fly  over  a  threat  with  a 
lethality  level  of  say,  710,  all  exposure  values  must  be 
multiplied  by  710  for  the  speed  adjustments,  but  fuel  consumption 
remains  unchanged.  For  example,  if  the  cell  has  a  lethality 
level  of  710,  the  slow,  average,  fast  lethality  levels  are  852, 


^10,  568  respectively  for  a  horizontal/vertical  move  and  1192, 
u u 4 ,  795  respectively  for  a  diagonal  move. 

The  grid-oriented  forward  dynamic  programming  recursive 
•'gnat ion  for  the  multiple  speeds  model  is  discussed  in  Appendix 
B.  Basically  it  is  very  similar  to  the  previous  model  except 
-hat  it  has  three  state  variables,  coordinations  (i,j)  and  of  the 
amount  of  fuel  on  board.  The  feasible  movements  from  cell  ( i ,  g ) 
are  to  eight  adjacent  cells  at  three  different  speeds  for  a  total 
of  8  x  3  =  24  different  combinations.  Each  one  of  the  movements 
r-guir>'s  a  different  amount  of  fuel  and  carries  a  different 
lethality  level. 
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-1.  ••'KSUf.TS  AND  FURTHER  RESEARCH 

A  computer  program  1  ;  available  at  Temple  Umverai’-y  mat 
solves  the  Route  Planning  Problem.  The  user  can  submit  different 
input  data  and  obtain  the  optimal  route.  In  this  section  we 
present  some  sample  problems  to  demonstrate  the  various  features 
of  the  model.  First,  we  present  a  set  of  five  examples  for  which 
the  airplane  flies  with  a  single  speed,  and  fuel  is  not  a 
consideration.  Second,  we  present  two  sets  of  examples  for  which 
the  airplane  can  fly  at  three  speeds  with  different  fuel 
•otisu  mpt  ions  at  each  speed,  and  where  fuel  quantity  is  a 
restriction.  For  each  one  of  the  two  sets  of  examples,  we  vary 
the  amount  of  fuel  on  board  and  demonstrate  how  the  optimal  route 
varies  with  the  amount  of  fuel  available. 

"mally,  in  this  section  we  present  some  ideas  for  further 
research. 

4.1  RESULTS  -  SINGLE  SPEED  WITH  NO  FUEL  RESTRICTION 

Five  examples  are  presented  whereby  an  airplane  can  fly  at  a 
single  speed  and  plenty  of  fuel  is  on  board.  Thus,  f lei  is  not  a 
constraint,  and  the  only  ob]ective  is  to  determine  the  optimal 
route.  In  each  example,  we  try  to  highlight  a  different  special 
situation  and  the  ability  of  the  model  to  handle  these  different 
cases . 

EXAMPLE  1: 

Example  1  is  a  simple  case  where  there  are  two  threats  which 
overlap,  and  the  problem  is  such  that  there  is  an  ontimal  route 
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around  the  threat.',.  Because  there  is  no  fuel  restriction,  the 
optimal  route  doer,  not  fly  over  any  threat.  Table  5  (a)  presents 
the  problem  and  its  solution.  The  Origination  Point  is  indicated 
by  OP;  the  Destination  Point  is  indicated  by  DP.  Zero  indicated 
in  unthceatened  cell.  One  indicates  that  a  cell  is  threatened  by 
a  single  threat,  and  two  indicates  that  the  cell  is  threatened  by 
f  wo  threats.  Table  5  (b)  shows  the  lethality  levels  at  every  cell 
(1*1  inits  for  unthreatened  cell,  710  units  for  a  cell  threatened 
by  a  P K  =  . 1  threat,  and  1510  for  a  cell  threatened  by  two 
•treats,  one  with  a  PK  =  .7  and  the  other  with  a  PK  =  .3).  is 
'•••’t.  tn  Tables  5  (a)  and  5  (b),  the  optimal  route  passes  around 
ill  threats.  Table  5  presents  the  solution  and  the  various  legs 
of  tne  route.  There  are  seven  diagonal  legs  and  two 
-  > r : zont a  1 /ver t i cal  legs,  and  all  legs  are  over  unthreatened 


The  total  lethality  for  this  optimal 


route 


is  118  units  (2x10  +  7x14  =  118). 


-:W'?LK  2: 


1m.'.  example  presents  a  problem  where  the  Destination  Point 
••  '•  •  t.  s  i  de  a  threat.  In  this  case,  the  Destination  Point  (10,7) 


••  •  i  no.  i  de  3  threat  with  a  PK  =  .3.  The  model  identifi 


iti.es  a  to  "  e 


which  avoids  all  threats,  except  of  course  the  Destination  Point 
".treat.  The  example  and  optimal  route  are  presented  in  Table  6 
(a)  and  Table  6  (b).  The  optimal  solution  consists  of  two 

nor  ih.ont a  1/vertical  legs  and  six  diagonal  legs.  The  legs  of  the 
rou-e  are  shown  in  Table  6.  The  total  lethality  for  this  example 
:  ;  704  lethality  units. 
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Table  5:  Example  1 

-  Single 

Speed  Model 

with 

No  Fuel  P.e 

st  r  ret 

ion 

Legend:  OP=Or lgination  Poir 

t  ,DP 

=Destination  Point, 

0='Jnthreatened  Cel! 

l=Cell  Threatened 

3y  One 

Threat , 

2Cell  Threatened  3y 

Two  T 

hreats  1 

( 

Indicates  Cells  On  Op 

timal  Route 

(a) 

Threat  Matrix 

jVj 

3  4  5  6 

7 

8 

9 

10 

n 

n 

_n 

14 

15 

2 

3 

4 

5 

6 
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0 

[0! 

[0! 
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0 

0 

3 

0  SOP] 

0 

1 

[0! 

0 

0 

0 

0 

9 

0 

0 

1 

1 

1 

(0) 

0 

0 

0 

13 

0 

1 

1 

1 

2 

(0! 

T 

0 

11 

0 

0 

X 

1 

2 

l 

1 

X 

[0! 

0 

l 

0 

0 

0 

2 

1 

1 

l 

1 

[0  1 

13 

0 

0 

0 

0 

1 

1 

1 

1  0  ’ 

0 

14 

0 

0 

0 

0 

0 

1 

0 

[DP] 

0 

15 

3 

0 

0 

0 

0 

0 

0 

0 

(b) 

Lethality  Matrix 

i/j 

1 

2 

3 

111  i 

7 

8 

9 

L0 

n_ 

12 

13 

1 4 

15 

4 

5 

6 

7 

10 

10 

[10] 

[10] 

10 

10 

10 

10 

10 

3 

10  ( 

10] 

10 

710 

[10] 

10 

10 

10 

10 

) 

10 

•  1 
..  »  1 

710 

710 

710 

[10] 

10 

13 

10  7 

1  r 

710 

710 

710 

1510 

[10] 

10 

10 

*  1 

10 

10 

710 

710 

1510 

810 

810 

[10] 

10 

12 

10 

10 

10 

1510 

810 

810 

310 

810 

[10] 

l  3 

10 

10 

10 

10 

810 

810 

310 

(10  1 

10 

14 

10 

10 

10 

10 

10 

310 

10 

[101 

10 

10 

10 

10 

10 

10 

10 

10 

10 

10 

(<:) 

Solution 

begs 

From  To 

H/V/D 

# 

of  Threats 

Lethality  Level 

i 

(8,3)  (7,9) 

Diagonal 

0 

14 

2 

(7,9)  (7,10) 

Hor 

zontal 

0 

10 

1 

(7,10)  (8,11) 

D 

0 

1 

4 

(3,11)  (9,12) 

D 

0 

1 4 

5 

(9,12)  (10,13) 

D 

0 

14 

b 

(10,13)  (11,14) 

D 

0 

1 

(11,14)  (12,15) 

D 

0 

X  ** 

H 

(12,15)  (13,14) 

D 

0 

14 

9 

(13,14)  (14,14) 

Vert 

ical 

0 

10 

Total  b 

e^hality  = 

’  ’  ^ 

»■  ■v«nn»ni'»m'ii!«uiw.'»  wwffW'l  i  u  i  ih^itiaii 


:'U)le  6:  Example  2  -  Single  Speed  Model  with  Do  Fuel  Restriction 


i.*-'!end:  OP=Or lginat ion  Point, DP=Destination  Point, 0=Unthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
1  1  Indicates  Cells  On  Optimal  Route 

(a)  Threat  Matrix 


1/1 

2  15  6 
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10 

11 

12 
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14 

15 
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— 

— 

* - 

5 

0  0  0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 
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0  0  1 
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0 
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0 

0 

0 

[OP] 

0 

8 

0  1  1 

1 
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2 

1 

7 

X 

0 

[0] 

0 

3 

4 

0  0  1 

1 

2 

1 

1 

1 

1 

[01 

0 

3 

10 

0  0  0 

(DP] 

(0) 

1 

1 

1 

[0] 

0 

0 

3 

1 1 

0  0  0 

0 

0 

10] 

1 

[0] 

0 

0 

0 

0 

■  ) 

1  1 

0  0  0 

0 

0 

0 

(0  ) 

3 

3 

0 

3 

0 

U>) 

1/  1 

4 

Lethality  Matrix 

2  15  6  7 

8 

9 

10 

22 

22 

13 

14 

22 

5 

10  10  10 

10 

10 

10 

10 

10 

10 

10 

10 

io 

6 

10  10  10 

810 

10 

10 

10 

10 

10 

10 

10 

10 

7 

10  10  810 

810 

810 

10 

710 

10 

10 

10 

[101 

10 

8 

10  810  810 

810 

810 

1510 

710 

710 

io 

[10] 

10 

10 

u 

10  10  810 

810 

1510 

710 

710 

710 

710 

[13] 

13 

10 

10 

10  10  10 

(8101 

l !»’. 

710 

710 

710 

[10] 

10 

10 

10 

11 

10  10  10 

10 

10 

(10] 

710 

[10] 

10 

10 

10 

10 

12 

10  10  10 

10 

10 

10 

[10] 

10 

10 

10 

10 

10 

11 


(c)  Solution 


From 

To 

H/V/D 

<i  of  Threats 

Lethality 

i 

(7,14) 

(8,13) 

D 

0 

14 

2 

(8,13) 

(9,13) 

V 

0 

13 

7 

(9,13) 

(10,12) 

D 

0 

14 

-* 

(10,12 

(11,11) 

D 

0 

i  4 

5 

(11, LI 

(12,10) 

D 

0 

14 

6 

(12,10 

(11,9) 

D 

0 

14 

7 

(11,9) 

(10,8) 

D 

0 

14 

8 

(10,8) 

(10,7) 

H 

1 

810 

Total  Lethality  =  904 
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EXAMPLE  3: 

r  h  i  r,  example  presents  tne  problem  with  five  overlapping 
threats.  The  Origination  Point  and  the  Destination  Point  are 
separated  by  the  threats.  There  is  no  possible  route  that  can  be 
flown  that  avoids  all  of  the  threats.  As  can  be  seen  in  Table  7, 
the  optimal  route  identified  flies  over  only  two  threats,  but  it 
requires  20  legs  to  do  so.  The  optimal  route  consists  of  12 
hor  i  zon  t  a  1  ,/ve  r  t  i  ca  1  legs  over  unthreatened  cells,  two 
horizontal/vertical  legs  over  a  threatened  cell,  and  eight 
horizontal  legs  over  unthreatened  cells.  Total  lethality  for 
'his  route  is  1424  units. 

EXAMPLE  4: 

Example  4  presents  a  problem  with  several  threats.  Some  of 
the  threats  overlap,  but  we  purposely  allowed  for  a  path  with  no 
'.treats.  As  can  be  seen  in  Table  8,  an  optimal  route  exists 
that  passes  between  the  threats.  The  model  does  identify  this 
route.  A  pilot  taking  this  route  would  not  pass  over  any 
threatened  cells,  but  the  final  step  to  the  Destination  Point 
would  involve  passing  over  a  cell  with  a  PK  =  .8.  This  optimal 
route  consists  of  six  hor izonta 1/vert ica 1  legs  and  eight  diagonal 
'.egs.  The  total  lethality  for  this  problem  is  9 "’2  units. 

EXAMPLE  5: 

Example  5  presents  a  problem  in  which  the  target  is  deep 
inside  a  threat.  The  Origination  Point  is  at  an  unthreatened 
■•■11.  Obviously  the  optimal  route  must  go  through  some  of  the 
threats  as  shown  in  Table  9.  The  optimal  route  consists  of  '.wo 
hor i zon t a  1 /ver t  ica 1  legs  and  five  diagonal  ones.  One  of  the 
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■':  Example  3 

-  Sinqle 

Speed  Model  With  No 

Fuel 

Restr ict ion 

egent 

:  OP=Or  igiriat  ion 

Point , DP =Dest i nation 

Point,  0=Un threatened 

Cell 

I  =0o 

11  Threatened  By 

One  Threat 

,  2=Cell  Threatened 

By  Two  Threats 
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Route 
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4 
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of:*': 

Solution  continues  on  the 

next 

page. 
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Table  7:Continued 


(c)  Solution 


Legs 

From 

To 

H/V/D 

1 

(4,4) 

(5,4) 

V 

2 

(5,4) 

(6,4) 

V 

3 
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V 
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0 
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10 
10 
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10 
10 
10 
10 
10 
14 
14 
14 
10 
610 
10 
10 
14 
10 
14 
14 
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Total  Lethality  =  1424 
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r.Jbl.'  3:  Example  4  -  Single  Speed  Model  with  No  Fuel  Restriction 


Legend:  OP=Or igi nation  Point,DP=Destination  Point, 0=Unthreatened  Cell 
l=CelL  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
(  I  Indicates  Cells  On  Optimal  Route 
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c)  Solution 


,egs 
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To 

H/V/D 
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Total  Lethality  972 
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diagonal  lens  and  one  of  the  her  i  zontal/vert  ical  legs  are  over  a 
threat.  The  total  lethality  of  this  example  is  2010  units. 

Many  more  examples  can  be  easily  generated  to  demonstrate 
other  capabilities  of  the  model. 

4.2  RESULTS  -  MULTIPLE  SPEEDS  AND  FUEL  RESTRICTIONS 

In  this  section  we  present  results  for  situations  in  which 
an  airplane  can  fly  at  three  different  speeds,  each  speed  having 
its  own  fuel  consumption  rate  which  increases  as  the  speed 
increases.  we  show  that  the  optimal  route  and  the  speeds 
required  do  change  with  the  amount  of  fuel  on  board  the  airplane. 
We  assume  that  if  the  fuel  on  board  the  airplane  is  35  units,  the 
amount  of  fuel  that  can  be  consumed  can  be  only  34  units  (no 
plane  can  arrive  with  zero  fuel  on  board).  We  use  Examples  1  and 
5  of  section  4.1  and  for  each  Example  we  vary  the  amount  of  fuel 
on  board  and  generate  a  set  of  examples.  Examples  1. 1-1.8  are 
all  similar  to  Example  1,  but  the  amount  of  fuel  on  board  varies. 
Examples  5. 1-5.6  are  all  similar  to  Example  5,  out  the  amount  of 
fuel  on  board  varies. 

EXAMPLES  1.1  -  1.3 

Examples  1. 1-1.8  are  similar  to  Example  1  of  the  previous 
section  except  for  the  following  change.  In  Examples  1.1-1. 8,  we 
allow  the  airplane  to  fly  at  three  different  speeds  and  to 
consume  various  amounts  of  fuel  as  described  in  Section  3.4.2  and 
in  Table  4.  In  Example  1.1,  the  amount  of  fuel  on  board  the 
plane  is  only  28  units.  This  is  a  very  small  amount  of  fuel,  and 
the  pilot  is  forced  to  fly  over  threats  at  a  slow  speed  (worst 
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case).  As  seen  in  Table  10,  the  optimal  route  consists  of  two 


hor  izontal/vertical  legs  over  unthreatened  cells,  one  diagonal 
leg  over  an  unthreatened  cell,  and  four  diagonal  legs  over 
threats.  In  order  to  save  fuel  the  pilot's  flying  speed  is 
always  slow.  The  overall  lethality  is  5144  units. 

As  the  amount  of  fuel  on  board  the  plane  increases,  two 
things  happen.  First,  the  pilot  flies  over  unthreatened  cells 
rather  than  over  threatened  cells,  and  secondly,  as  more  and  more 
fuel  is  available,  the  pilot  increases  his  flying  speed  from  slow 
average  and  eventually  to  fast  speeds.  This  is  demonstrated 
in  examples  1.2  through  1.8,  Tables  10-17.  In  Example  1.2,  the 
fuel  on  board  increases  to  30  units.  This  is  not  enough  to  avoid 
the  threats,  but  it  is  enough  to  fly  somewhat  faster  as  seen  in 
Table  11.  This  allows  the  total  lethality  to  decrease  to  4918. 
In  Example  1.3,  the  amount  of  fuel  increases  to  33  units.  This 
amount  of  fuel  enables  the  pilot  to  fly  over  only  one  threatened 
cell  (down  from  four  previous  threatened  cells).  Flying  speed  is 
always  slow  and  overall  lethality  has  been  drastically  lowered  to 
1088  units.  Note  that  there  are  more  legs  than  previously  (nine 
versus  seven).  In  Example  1.4,  fuel  on  board  increases  to  35 
units,  and  the  optimal  route  is  over  only  unthreatened  cells. 
Flying  speed  is  still  slow,  but  total  lethality  is  reduced  to  136 
units.  As  the  amount  of  fuel  increases  now  to  37  units,  flying 
speed  increases,  and  lethality  decreases  to  134  units  as  shown 
in  Example  1.5.  Lethality  reduces  to  132  units  in  Example  1.6  as 
fuel  increases  to  40  units,  and  lethality  decreases  further  to 
110  units  in  Example  1.7  when  fuel  increases  to  70  units. 


44-35 


$5 

Table  10 
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Table  12:  Example  1.3:  Fuel=33  -  Multiple  Speeds  Model 

With  Fuel  Restriction 

Legend:  OP=Or  igination  Point,DP=Destination  Point,  0=’Jnthreatened  Cell 
ICell  Threatened  By  One  Threat,  2=€ell  Threatened  By  Two  Threats 
(}=Leg  at  Slow  Speed, (!=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 
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Table  13:  Example  1.4:  Fuel=35  -  Multiple  Speeds  Model 

with  Fuel  Restriction 

Legend:  OP=Or igination  Point, DP=Destination  Point, 0=Unthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
U=Leg  at  Slow  Speed, []=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 
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7i!'.  1“  15:  Example  1.6:  Fuel  =43  -  Multiple  Speeds  Model 

With  Fuel  Restriction 

Legend:  OPOr  lgmation  Point, OP=Dest ination  Point, 0='Jnthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=€ell  Threatened  3y  Two  Threats 
{ }=Leg  at  Slow  Speed, []=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 


(a)  Threat  Matrix 
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10 
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{10} 

10 
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(c)  Solution 

I  of  Fuel 


Legs 

From 

To 

H/V/D 

Threats 

Lethality 

Speed 

Consumed 

i 

(8,3) 

(8,9) 

H 

0 

10 

Average 

5 

2 

(8,9) 

(7,10) 

D 

0 

16 

Slow 

4 

3 

(7,10) 

(8,11) 

D 

0 

16 

Slow 

*♦ 

(8,11) 

(9,12) 

D 

0 

16 

S  low 

4 

5 

(9,12) 

(10,13) 

D 

0 

16 

Slow 

H 

6 

(10,13) 

(11,14) 

D 

0 

16 

Slow 

4 

(11,14) 
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D 

0 

16 
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4 

J 
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(13,15) 

V 

0 

10 

Average 

5 
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(14,14) 

D 

0 

16 

Slow 

*4 

Tot 

al  Lethality 

=  132 

Total  Fu 

li 

C-J 

CD 

Tir>le  16:  Example  1.7:  Fuel=70  - 


Multiple  Speeds  Model 
With  Fuel  Restriction 


"lend:  OP=Or iqination  Point, DP=Destination  Point, 0=(Jnthreatened  Cell 
(Cell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
! ) =Leg  at  Slow  Speed, ( ) =Leq  at  Average  Speed, **=Leg  at  Fast  speed 


rhreat  Matrix 
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Solution 


From 

To 

H/V/D 

Threats 

Lethality 

Speed 

Consurm 

i 

(8,3) 

(7,9) 

D 

0 

11 

Fast 

11 

2 

(7,9) 

(7,10) 

u 

0 

8 

Fast 

8 

i 

(7,10) 

(8,11) 

D 

0 

11 

Fast 

11 

4 

(8,11) 

(9,12) 

D 

0 

11 

Fast 

11 

') 

(9,12) 

(10,13) 

D 

0 

11 

Fast 

11 

6 

(10,13) 

(11,14) 

D 

0 

16 

Slow 

4 

H 

7 

(11,14) 

(12,15) 

D 

0 

16 
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4 
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(13,15) 

V 

0 

10 

Averaq' 

e  5 

9 
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(14,14) 

D 

0 

16 
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4 

'otal  Lethality 

=  110 

Total  F 

uel  =  69 
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Table  17;  Example  1.8:  Fuel=95  -  Multiple  Speeds  Model 

With  Fuel  Restriction 


Legend:  OP=Or igination  Point, DP=Destination  Point, 0=Unthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=Cell  Threatened  3y  Two  Threats 
( } =Leg  at  Slow  Speed, []=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 


(a)  Threat  Matrix 


i  /  i  6 
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12 
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(c) 

.Legs 

Solut ion 

From  To 

H/V/D 

1  of 
Threats 

Lethality 

Speed 

Fuel 

Consumed 

1 

i 

(8,8) 
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D 
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11 

Fast 

1  ' 

J>  A 
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(7,9) 

(7,10) 

H 

0 

8 

Fast 

8 

3 

(7,10) 

(8,11) 
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11 
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11 

4 

(8,11) 

(9,12) 
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11 

Fast 

11 
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(9,12) 

(10,13) 

D 
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11 

Fast 

11 

6 

(10,13) 

(11,14) 

D 

0 

11 

Fast 

11 

7 

(11,14) 

(12,15) 

D 

0 

11 

Fast 
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(12,15) 

(13,15) 

V 
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8 
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8 
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Total 
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II 

L-J 

Total 
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final  1  y ,  in  Example  1.8  there  is  a  great  deal  of  fael  (95 
units)  all  legs  of  the  route  are  fast  and  lethality  is  83  units. 

EXAMPLES  5.1  -  5.6 

Examples  5. 1-5. 6,  Tables  18-23  are  similar  to  Example  5  of 
Section  4.1.  Also,  for  this  example  the  Destination  Point  is 
inside  a  threat  and  as  such  there  is  no  safe  route  in  which  all 

threats  can  be  avoided.  with  a  fuel  amount  of  28  units  the 

optimal  route  shown  in  Example  5.1  consists  of  four  diagonal  legs 
over  unthreatened  cells,  one  horizontal/vertical  leg  over  an 
unthreatened  cell,  one  diagonal  leg  over  a  threatened  cell,  and 
one  horizontal/vertical  leg  over  a  threatened  cell.  Since  the 
speed  is  slow,  total  lethality  equals  2408  units.  When  fuel 

increases  to  33  units  in  Example  5.2  two  legs  of  the  route  can  be 

flown  at  average  speed  (rather  than  the  slow  speeds  previously). 
Total  lethality  is  lowered  to  2020  units.  When  the  fuel  on  ooard 
increases  to  35  units,  Example  5.3,  the  speed  for  one  leg  of  the 
route  can  be  increased  to  fast,  and  total  lethality  then  becomes 
:t58  units.  In  Example  5.4,  fuel  increases  to  3"  units.  One  leu 
of  the  route  is  flown  at  a  fast  speed,  and  one  leg  of  the  route 
is  flown  at  an  average  speed,  resulting  in  a  total  lethality 
level  of  1793  units.  When  fuel  rises  to  40  units,  as  1.0  Example 
5.5,  two  legs  of  the  route  are  flown  at  a  fast  speed,  and  total 
lethality  decreases  to  1631  units.  In  Example  5.6,  fuel  is  now 
•tgual  to  75  units.  All  the  legs  of  the  route  are  flown  at  a  fast 
speed.  Total  lethality  is  lowered  to  1607  units. 

Table  24  summarizes  the  effects  of  the  quantity  of  fuel  on 
board  the  airplane  on  total  lethality.  For  Example  1,  as  fuel 


Table  18:  Example  5.1:  Fuel=28  -  Multiple  Speeds  Model 

With  Fuel  Restriction 

Legend:  OP=Or igination  Point, DP=Destination  Point, 0=Unthreatened  Cel! 
ICell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
{ }=Leg  at  Slow  Speed, (]=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 

(a)  Threat  Matrix 
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(c) 

Solution 

#  of 

Fuel 

Legs 
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TO 

H/V/D 

Threats 

Lethality 

Speed 

Consumed 

1 

(4,4) 

(3,5) 

D 

0 

16 

Slow 

4 

2 

(3,5) 

(3,6) 

H 

0 

12 
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3 

3 

(3,6) 

(4,7) 

D 

0 

16 

Slow 

4 

4 

(4,7) 

(5,8) 

D 

0 

16 

Slow 

4 

5 

(5,8) 

(6,9) 

D 
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Slow 

4 
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(6,9) 

(7,3) 

D 
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4 
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__ 
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3 

Total  Lethality 

_ 

2408 

Total 

Fuel  =  26 

rable  19:  Example  5.2:  Fuel=33  -  Multiple  Speeds  Model 

with  Fuel  Restriction 


Legend:  OP=Or igination  Point,DP=Destination  Point, 0=Unthreatened  Cell 
l=€ell  Threatened  By  One  Threat,  2^3ell  Threatened  By  Two  Threats 
( }=Leg  at  Slow  Speed, []=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 
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Solution 


.egs  From 


#  of  Fuel 

H/V/D  Threats  Lethality  Speed  Consumed 
D  0  16  Slow  4 

H  0  12  Slow  3 

D  0  16  Slow  4 

0  0  16  Slow  4 

00  16  Slow  4 

D  1  1134  Averaae  7 

V  1  810  Average  5 


Total  Lethality  = 


44-46 


2020  Total  Fuel  =  31 


mi 


Tanle  20 

:  Example 

5.3: 

"ue^ 

35  - 

Multiple  Speeds 

Model 

With 

Fuel 

Restriction 

Legend: 

OPOrigination 

Point,DP=Dest ination 

Point 

,0=Unthreatened  Cell 

LCell 

Threatened  By 

One  Threat 

,  2=Cell  Threatened  By  Two  Threats 

( }=Leg 

at 

Slow  Speed, 

[)=Leg  at 

Average  Speed,** 

=Leg  at 

Fast  Speed 
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Lethality 
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{10} 

{10} 

10 

10 

10 

10 

10 

4 

10 

{10} 

10 

710 

{10} 

10 

10 

10 

10 

5 

10 

10 

710 

710 

710 

{10} 

10 

10 

10 

6 

10 

710 

710 

710 

710 

1510 

{10} 
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c) 

Solution 

# 

of 

Fuel 
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TO 

H/V/D 

Threats 

Lethality 

Speed 

Consumed 

Averaao 


Total  Lethality 


otal  Fuel 


Table  21:  Example  5.4:  Fuel=37  -  Multiple  Speeds  Model 

With  Fuel  Restriction 

Legend:  OP=Or lgination  Point, DP=Destination  Point, 0=Unthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
(}=Leg  at  Slow  Speed, (!=Leg  at  Average  Speed, **=Leg  at  Fast  Speed 


(a)  Threat  Matrix 
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1 

1 

1 

2 

{0} 

0 

0 

7 

0 

0 

1 

1 

2 

*1* 

1 

0 

0 

3 

0 

0 

0 

2 

2 

{DP] 

1 

1 

0 

g 

0 

0 

0 

1 

2 

1 

0 

0 

in 

0 

0 

1 

1 

1 

2 

1 

0 

0 

11 

0 

0 

0 

X 

3 

1 

0 

0 

0 

12 

0 

0 

0 

0 

0 

0 

0 

0 

13 

14 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(b) 

Lethality 

Matrix 

ill 

2  3 

4 

5 

6 

7 

8 

9 

10 

n  n 

z 

3 

10 

10 

{10} 

{10} 

10 

10 

10 

10 

10 

4 

10 

{10} 

10 

710 

{10} 

10 

10 

10 

10 

5 

10 

10 

710 

710 

710 

{10} 

10 

10 

10 

6 

10 

710 

710 

710 

710 

1510 

{10} 

10 

10 

7 

10 

10 

710 

710 

1510 

*810* 

810 

10 

10 

8 

10 

10 

10 

1510 

1410 

(810] 

810 

810 

10 

9 

10 

10 

10 

610 

1410 

1410 

310 

10 

10 

:,i 

10 

10 

610 

610 

610 

1410 

610 

10 

10 

10 

10 

10 

610 

610 

610 

10 

10 

10 

12 

10 

10 

10 

10 

610 

10 

10 

10 

10 

13 

14 

10 

10 

10 

10 

10 

10 

10 

10 

10 

f  c) 

Solution 

t 

of 

Fuel 

Legs 

From 

To 

H/V/D 

Threats 

Lethality 

Speed 

Consumed 

1 

(4,4) 

(3,5) 

D 

0 

16 

Slow 

4 

2 

(3,5) 

(3,6) 

H 

0 

12 

Slow 

3 

3 

(3,6) 

(4,7) 

D 

0 

16 

Slow 

4 

4 

(4,7) 

(5,8) 

D 

0 

16 

Slow 

4 

5 

(5,8) 

(6,9) 

D 

0 

16 

Slow 

4 

6 

(8,9) 

(7,8) 

D 

M. 

907 

Fast 

11 

7 

(7,8) 

(8,8) 

V 

1 

810 

Average 

5 

Total  Lethality  =  1793 


Total  Fuel  =  35 


Table  22:  Example  5.5:  Fuel=40  -  Multiple  Speeds  Model 

With  Fuel  Restriction 


Legend:  OP=Or igination  Point,DP=Destination  Point, 0=Unthreatened  Cell 
ICell  Threatened  By  One  Threat,  2=Cell  Threatened  By  Two  Threats 
{}=Leg  at  Slow  Speed, [] =Leg  at  Average  Speed, **=Leg  at  Fast  Speed 


(a)  Threat  Matrix 


i/j 

y 

2 

3 

4 

5 

6 

7 

8 

9 

10 

22  21 

3 

0 

0 

{0} 

{0} 

0 

0 

0 

0 

0 

4 

0 

(OP) 

0 

1 

{0} 

0 

0 

0 

0 

5 

0 

0 

1 

1 

1 

{0} 

0 

0 

0 

6 

0 

1 

1 

1 

1 

2 

{0} 

0 

0 

7 

0 

0 

1 

1 

2 

*1* 

1 

0 

0 

3 

0 

0 

0 

2 

2 

*DP  * 

1 

1 

0 

9 

0 

0 

0 

1 

2 

2 

1 

0 

0 

10 

0 

0 

1 

1 

1 

2 

1 

0 

0 

11 

0 

0 

0 

1 

1 

1 

0 

0 

0 

12 

0 

0 

0 

0 

1 

0 

0 

0 

0 

13 

14 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(b) 

Lethality 

Matrix 

i/j 

2 

2 

2 

4 

5 

6 

2 

8 

9 

10 

22  21 

3 

10 

10 

{10} 

{10} 

10 

10 

10 

10 

10 

4 

10 

110} 

10 

710 

{10} 

10 

10 

10 

10 

5 

10 

10 

710 

710 

710 

{10} 

10 

10 

10 

6 

10 

710 

710 

710 

710 

1510 

{10} 

10 

10 

7 

10 

10 

710 

710 

1510 

*810* 

810 

10 

10 

8 

10 

10 

10 

1510 

1410 

*810* 

810 

810 

10 

9 

10 

10 

10 

610 

1410 

1410 

810 

10 

10 

10 

10 

10 

610 

610 

610 

1410 

610 

10 

10 

1  1 

10 

10 

10 

610 

610 

610 

10 

10 

10 

12 

10 

10 

10 

10 

610 

10 

10 

10 

10 

13 

1 4 

10 

10 

10 

10 

10 

10 

10 

10 

10 

(c) 

O 

o 

olut ion 

I 

of 

Fuel 

Legs 

From 

To 

HA/D 

Threats 

Lethality 

Speed 

Consumed 

1 

(4,4) 

(3,5) 

D 

0 

16 

Slow 

4 

2 

(3,5) 

(3,6) 

H 

0 

12 

Slow 

3 

3 

(3,6) 

(4,7) 

D 

0 

16 

Slow 

4 

4 

(4,7) 

(5,8) 

D 

0 

16 

Slow 

4 

J 

(5,8) 

(6,9) 

D 

0 

16 

Slow 

4 

6 

(8,9) 

(7,8) 

D 

1 

907 

Fast 

11 

7 

(7,8) 

(8,8) 

V 

1 

648 

Fast 

3 

Total  Lethality 

=  1631 

Total  Fuel  =  38 

i 


Table  23:  Example  5.6:  Fuel=75  -  Multiple  Speeds  Model 

With  Fuel  Restriction 

Legend:  OP=Or igination  Point, DP=Dest inat ion  Point, 0=Unthreatened  Cell 
l=Cell  Threatened  By  One  Threat,  2=Ceil  Threatened  By  Two  Threats 
( }=Leg  at  Slow  Speed, [] =Leg  at  Average  Speed, **=Leg  at  Fast  Speed 


(a)  Threat  Matrix 


i/] 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

2 

— 

“ ’ 

3 

0 

0 

*0* 

*0* 

0 

0 

0 

0 

0 

4 

0 

*OP* 

0 

1 

*0* 

0 

0 

0 

0 

5 

0 

0 

1 

1 

1 

*0* 

0 

0 

0 

6 

0 

1 

1 

1 

1 

2 

*0* 

0 

0 

7 

0 

0 

1 

1 

2 

*1* 

1 

0 

0 

3 

0 

0 

0 

2 

2 

*DP* 

1 

1 

0 

9 

0 

0 

0 

2 

2 

1 

0 

0 

10 

0 

0 

1 

1 

1 

2 

1 

0 

0 

11 

0 

0 

0 

l 

t 

1 

1 

0 

0 

0 

12 

0 

0 

0 

0 

1 

0 

0 

0 

0 

13 

14 

(b) 

0  0 

Lethality 

0  0 

Matrix 

0 

0 

0 

0 

0 

i/3 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

2 

— 

— 

— 

— 

— 

i 

10 

10 

*10* 

*10* 

10 

10 

10 

10 

10 

4 

10 

*10* 

10 

710 

*10* 

10 

10 

10 

10 

5 

10 

10 

710 

710 

710 

*10* 

10 

10 

10 

6 

10 

710 

710 

710 

710 

1510 

*10* 

10 

10 

7 

10 

10 

710 

710 

1510 

*810* 

810 

10 

10 

8 

10 

10 

10 

1510 

1410 

*810* 

810 

810 

10 

9 

10 

10 

10 

610 

1410 

1410 

810 

10 

10 

10 

10 

10 

610 

610 

610 

1410 

610 

10 

10 

11 

10 

10 

10 

610 

610 

610 

10 

10 

10 

12 

10 

10 

10 

10 

610 

10 

10 

10 

10 

13 

10 

10 

10 

10 

10 

10 

10 

10 

10 

14 

(c)  Solution 

*  of  Fuel 


Legs 

From 

To 

H/V/D 

Threats 

Lethality 

Speed 

Consumed 

1 

(4,4) 

(3,5) 

D 

0 

11 

Fast 

11 

2 

(3,5) 

(3,6) 

H 

0 

8 

Fast 

8 

3 

(3,6) 

(4,7) 

D 

3 

11 

Fast 

11 

4 

(4,7) 

(5,8) 

D 

0 

11 

Fast 

11 

5 

(5,8) 

(6,9) 

D 

0 

11 

Fast 

11 

6 

(6,91 

(7,8) 

D 

1 

907 

Fast 

11 

7 

(7,8) 

(8,8) 

V 

l 

648 

Fast 

8 

Total 

Lethality 

=  1607 

Total 

Fuel  =  71 
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Table  24:  Summary  -  Multiple  Speeds  Model  With  Fuel  Restrictions 


Legs  Over  No  Threats  I  Legs  Over  Threats 


Table 

Example  Fuel 

Lethality 

H/V 

D 

HA 

D 

10 

1.1 

28 

5144 

2  Slow 

1 

Slow 

1 

4 

Slow 

11 

1.2 

30 

4918 

2  Slow 

1 

Slow 

3 

Slow 

1 

Average 

12 

1.3 

33 

1088 

3  Slow 

5 

Slow 

1  Slow 

13 

1.4 

35 

136 

2  Slow 

7 

Slow 

14 

1.5 

37 

134 

1  Slow 

1  Average 

7 

Slow 

15 

1.6 

40 

132 

2  Average 

7 

Slow 

16 

1.7 

70 

110 

1  Average 

1  Fast 

4 

Fast 

3 

Slow 

17 

1.8 

95 

93 

2  Fast 

7 

Fast 

18 

5.1 

28 

2408 

1 

Slow 

4 

Slow 

1 

Slow 

1 

Slow 

19 

5.2 

33 

2020 

1 

Slow 

4 

Slow 

1 

Average 

1 

Average 

20 

5.3 

35 

1858 

1 

Slow 

4 

Slow 

1 

Fast 

1 

Average 

i  * 

5.4 

3’ 

A93 

1 

Slow 

4 

Slow 

1 

Average 

1 

Fast 

22 

5.5 

40 

1631 

1 

Slow 

4 

Slow 

1 

Fast 

1 

Fast 

2  3 

5.6 

75 

1607 

2 

Fast 

5 

Fast 

Legend:  H/V  Represents  A  Horizontal  or  Vertical  Leg 

D  Represents  A  Diagonal  Leg 


increases  from  28  to  95  units,  total  lethality  decreases  from 
5144  units  to  93  units.  In  Example  5,  as  fuel  increases  from  28 
units  to  75  units,  total  lethality  decreases  from  24(58  down  to 
1607.  Table  24  also  presents  the  number  of  steps  taken  over  no 
threats  and  the  number  of  steps  taken  over  one  threat.  Also  it 
shows  the  diagonal  and  hor  izonta/vertical  steps  as  well  as  the 
flying  speed  of  each  leg.  It  demonstrates  how  the  optimal  route 
changes  as  the  amount  of  fuel  on  board  the  airplane  changes. 


4.3  FURTHER  RESEARCH 

In  this  section  we  propose  directions  for  further  research. 
Many  possibilities  exist,  but  we  restrict  ourselves  to  only  a 


4.3.1  INPUT/OUTPUT 

The  Input/Output  portion  of  the  model  can  be  significantly 
improved  to  the  stage  where  a  operator  sits  at  a  terminal  and 
,jas i 1 y  (perhaps  with  the  aid  of  a  menu  or  a  mouse)  feeds  in  his 
own  problem  and  modifies  his  problem  on-line.  The  output  should 
also  have  options  for  several  different  screens,  and  the  operator 
should  be  able  to  select  the  output  he  desires  to  ooserve. 


4.3.2  ADDITIONAL  SPEEDS 


The  Multiple  Speeds  portion  of  the  model  at  the  moment 
enables  us  to  provide  three  different  speeds.  This  can  be 
extended  to  5,  7,  or  more  different  speeds. 


.3.3  TOPOGRAPHY  OF  THREE  DIMENSIONS 


The  present  model  is  a  two  dimensional  one  which  might  be 
realistic  for  flying  over  flat  grounds,  seas  and  deserts.  A  more 
realistic  model  would  allow  the  pilot  to  fly  over  three 
dimensional  topography.  It  is  possible  to  expand  the  present 
model  to  include  three  dimensional  topography. 

4.3.4  The  K-BEST  ROUTES 

The  present  model  solves  for  the  optimal  (best)  route. 
Often  pilots  are  interested  in  the  second  best,  third  best  route, 
etc..  The  enemy  is  alert  to  the  route  used,  and  after  a  short 
time  the  route  must  be  changed.  From  best  route,  one  may  want  to 
switch  to  the  K-best  route.  It  is  quite  possible  that 
simultaneous  flights  will  be  dispatched  at  the  best,  second  best, 
and  third  best  routes. 


4.3.5  TARGET  SELECTION 

This  model  can  lie  extended  to  assist  the  decision-maker  in 
target  selection.  Suppose  there  are  five  potential  targets,  one 
can  compute  lethality  to  all  five  targets  and  select  the  target 
to  attack  b^sed  on  the  one  with  the  lowest  lethality.  This 
proolem  becomes  much  more  complicated  when  there  are  multiple 
bases  as  well  as  multiple  targets. 


4.3.6  MULTIPLE  BASES 

Assume  there  are  multiple  bases  from  which  airplanes  can  be 
dispatched.  We  can  extend  the  present  model  to  divide  the  enemy 
fi»-id  into  regions,.  Each  region  will  "belong"  to  a  sp*-citic 
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base.  When  a  new  tarqet  has  been  identified,  it  will 
automatically  be  the  responsibility  of  that  base  to  which  that 
region  belongs. 


4.3.7  REFUELINC/NAVTCATION  POINTS 

The  present  model  does  not  deal  with  the  issue  of  refueling 
or  navigation  points..  It  is  however  possible  to  incorporate  both 
refueling  and  navigation  points  into  the  model. 


4.3.8  OTHER  POTENTIAL  EXTENSIONS 
Additional  possible  extensions  of  the  model  include: 

— Minimize  fuel  consumption  over  several  sorties,  when  planning 
multiple  flights,  what  set  of  routes  minimizes  total 
fuel  consumption? 

--Multiple  airplanes.  What  is  an  optimal  solution  for  say,  a 
fleet  of  24  airplanes? 

--Timing  of  bombing.  If  we  want  to  bomb  a  tarqet  at  a  specific 
time,  what  is  the  optimal  route  and  speed  to  accomplish 


t  h  i  s  joa  1  ? 

— Reloading  of  Threats.  If  a  threat  fires  its  missies,  it  takes 
them  say  3(3  minutes  to  reload  its  weapon  again.  For 
that  period  of  time  it  is  "safe”  to  fly  over  the  threat. 

—  El ect r on i c  Warfare.  The  present  model  does  not  allow  for  any 

electronic  warfare  capabilities  such  as  threat  negating 
or  lowering  its  PK.  It  is  possible  to  extend  th“  presen*: 
model  to  allow  for  EW  capabilities. 

—  Tens  it lvity  Analysis.  All  enemy  data  are  uncertain.  It  is 
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possible  to  compute  the  sensitivity  of  the  optimal  r  jut-  it 
a  function  of  enemy  data  changes  (such  as  PK,  radius, 
coordination,  etc.). 

— PK  can  be  expressed  as  a  function  of  the  learning  curve  of  the 
opponents. 
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APPENDIX  A.  DYNAMIC  PROGRAMMING  RECURSIVE  EQUATION  FOR  SINGLE 
FLYING  SPEED 

In  thLS  Appendix  we  derive  the  dynamic  programming  recursive 
quation  needed  for  the  Single  Flying  Speed  Model.  Assume  the 
allowing  notations: 

(!,])  :  the  coordination  of  cell  ( i ,  j ) 

f(i,]):  minimal  lethality  from  Origination  Point  to  cell  (i,]l 
r ( 1 , 3 ) :  lethality  level  at  cell  (i,]) 

All  diagonal  moves  incur  a  lethality  level  of  4  fl*  more 
lethality  than  hor izontal/vert ical  moves 
(si,s]):  the  Origination  Point 
f  ( s  i ,  s  3 )  =  3 


The  only  allowable  moves  from  cell  (1,3)  are  to  its  eiir.t 
i;acent  cells.  The  forward  dynamic  programming  recursive 
f  ion  ►  ne  following: 
r  f  i ,  3 )  --  nimum  f  (  f  ( 1 , 3 — 1 )  *  r  ( 1 ,  3  —  1 ) ) , 

[  f  ( 1 , 3  + 1 )  +  r  ( i ,  3  + 1 )  ] , 

[  f  ( 1  +1, 3)  *■  r  ( 1  +1, 3)  1 , 

!f  d-1,3)  *  r(  i-l,  3)  1 , 

[f (l-l, 3-1)  *  1.4 r ( i -1 , 3-1  ) ]  , 


(  f  ( 1  - 1 , 3  a  1 1  +  1 . 4  r  ( 1  - 1 , 3  ♦  1 )  1 , 
(  f  (l  +  l, 3-1 )  *  1.4  r ( 1 »1 , 3-1 )  1 , 


( f (  1  ♦ 1 ,  3*1) 


1 . 4  r  (  1  *  1 ,  3  *  1 )  ]  j . 


hung  this  recursive  liquation  one  can  generate  the  data  shown 
TMDle  3.  For  example: 

Starting  with  f (8,8)  =  0,  one  determines: 
f (8,  7 )  =  f  (8,9)  =  f  (7,8)  =  f  ( 9, 8 )  =  10,  and 
f (7,7)  =  f  (7 , 9)  =  f (9 , 7  >  =  14 

(cell  (9,9)  is  inside  a  threat  and  is  left  for  lat 
computations),  In  this  fashion  one  completes  the  construction 


r he  entire  Search  Space. 


APPENDIX  B.  DYNAMIC  PROGRAMMING  RECURSIVE  EQUATION  FOR  MULTIPLE 


FLYING  SPEEDS 

In  this  Appendix  we  develop  the  recursive  equation  needed 
for  the  Multiple  Speeds  Model.  It  is  very  similar  to  Appendix  A 
except  that  the  state  of  the  system  is  described  by  three  state 
variables:  the  coordinations  (i,j),  and  k,  the  fuel  on  board  the 
plane  at  that  particular  cell. 


f(i,j,k):  The  minimal  lethality  from  the  Origination  Point  to 
cell  (i,j)  arriving  at  (i,j)  with  quantity  k  of  fuel  on  board. 

Let  1=1,  2,  3  be  the  flying  speed  slow,  average,  fast 

respectively. 

Let  s { 1 )  be  the  adjustment  to  lethality  due  to  the  flying 

speed.  For  example:  s(l)  *  1.2,  s  ( 2 )  =  1,  s  ( 3 )  =  .8.  (2-T> 

increase  in  lethality  level  for  flying  slow  and  20%  decrease 
in  lethality  level  for  flying  fast). 

Let  t(l)  be  fuel  consumption  due  to  flying  speed  1.  For 

•  ‘/ample:  til)  =  3,  t  ( 2 )  =  5,  t  ( 3 )  =  8. 

All  diagonal  moves  incur  a  40%  higher  fuel  consumption  and 
also  a  40%  higher  lethality  level  exposure  than 
the  horizontal/vertical  moves. 


The  forward  dynamic  programming  recursive  equation  used  for  the 

Multiple  Speeds  Model  is  the  following: 

f  ( i ,  ;j,k)  =  minimum  {[f(i,j-l,k  +  t(l))  +  r(i,j-l>  s  ( 1 )  1 , 

1=1, 2, 3 

If (i, j  +  l,k  +  t(l))  +  r ( i , j  +  1 )  s ( 1 ) 1 , 

[ f (i+1, j,k  +  t(l))  +  r(i+l,j)  s(l)], 

[f(i-l,j,k  +  t(l))  +  r(i-l,j)  s(l)], 

[  f ( i-1, j-l,k  +  1.4t(l))  +  r ( i-1 , j-1 )  1. 4 s ( 1 ) 1 , 

[  f  ( i-1 ,  j+1 ,  k  +  1.4t(l))  +  r  (  i-1,  j  +  1 1  1. 4s  ( 1)  1  , 

t  f  (  i+1,  j  —  1 ,  k  +  1. 4 1  ( 1 ) )  +  r  (i+1,  j  — 1  >  1.4s(l>], 

( f ( i  +  1 , j  +  l,k  +  1.4t(l))  +  r(i  +  l, j  +  1)  1. 4 s < 1 ) ]  } . 

The  number  of  computations  in  this  model  is  much  higher  than  in 
the  Single  Speed  Model.  From  eight  adjacent  cells  and  at  three 
speeds  from  each  adjacent  cell,  the  number  of  possibilities  to 
arrive  at  cell  (i,j)  with  k  fuel  on  board  is  8  x  3  =  24 
[loss  i  hi  li  ties.  In  other  words,  to  compute  f(i,j,k)  requires 
finding  the  minimum  of  24  possibilities. 

If  (si,sj)  is  the  Origination  Point,  then  f(si,sj,k)  =  (3  for 
all  x.  One  can  recursively  construct  f(i,j,k)  for  all  possible 
i,  ],  k  and  obtain  the  optimal  minimum  lethality  f(i,j,k)  from 
Origination  Point  to  all  cells  ( i ,  j ) . 
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ABSTRACT 

The  correlation  between  MICAP  and  Seventy-eight  supply 
performance  measures  were  examined  for  all  major  Air  Force 
commands  in  order  to  identify  the  variables  (supply  performance 
measures  that  are  significantly  correlated  with  mission 
capability  within  the  command.  Once  the  significant  variable  set. 
for  a  major  command  was  identified  the  variables  were  ranked  in 
descending  order  of  impact  on  MICAP  using  the  MICAP  elasticity  to 
each  variable.  Then  each  variable  category  (e.g.  Effectiveness 
Measures.  EOQ.  Recoverable  Mix,  Inventory  Accuracy)  were  ranked 
in  descending  order  of  average  absolute  elasticity  impact.  on 
MICAP.  A  model  was  developed  which.  using  the  performance 
measures  identified  as  significant,  for  the  MAJCOM.  forecasts 
MICAP  by  base  within  the  MAJCOM.  These  forecasts  can  then  be 
added  to  get.  a  MICAP  forecast,  for  the  MAJCOM  and  subsequently  fcv 
adding  the  MAJCOM  MICAP  forecasts  an  Air  Force  wide  forecast  of 
MICAP  can  be  developed.  The  forecasts  thus  developed  were  found 

to  be  accurate  for  short  term  forecasting,  that.  is.  one  month 
ahead  or  at  most  two  months  ahead. 

A  technique  was  developed  to  identify  significant, 
differences  in  supply  performance,  between  bases  within  a  command 
or  between  major  commands  with  respect,  to  one  or  more  supply 
performance  variables  or  categories  of  variables.  This  latter 
technique  allows  indices  to  be  developed  with  which  to  grade  the 
performance  of  supply  accounts  (bases  or  major  commands)  with 
respect,  to  one.  some,  categories  of  /or  all  supply  performance 
variables  represented  in  the  study.  Examples  of  the  corupar  1  sons 
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EXECUTIVE  SUMMARY 


This  studv  proposes  a  model  that.  provides  a  means  to 
determine  the  impact  of  supply  performance  measures  on  MICAP  by 
MAJCOM  and  base  within  MAJCOM,  and  provides  a  means  to  forecast 
MICAP  by  base,  by  MAJCOM  and  Air  Force  wide. 

Furthermore  the  model  supplies  a  rank  ordered  list  of 
variables  in  descending  order  of  impact  on  MICAP  and  also 
provides  for  the  ranking  of  the  variable  categories  for  a  MAJCOM 
and  base  within  MAJCOM. 

Also  presented  in  this  study  is  a  method  for  grading  supply 
accounts  (Bases,  MAJCOM'S)  with  respect,  to  one  or  many  supply 
performance  measures  providing  for  the  measurement  of  differences 
in  performance  between  MAJCOMS  or  bases. 

BACKGROUND 

The  results  in  this  report  are  the  result.  of  preliminary 
efforts  during  the  Summer  of  1985  at.  Gunter  AFS  as  part  of  a 
Summer  Faculty  Research  Program  < SFRP )  and  subsequently  refined 
and  completed  under  AFOSR  minigrant  099. 

OBJECTIVES 

The  objectives  of  the  "Statistical  Performance  Measures" 
effort  were  as  follows 

1.  Develop  a  robust  predictive  model  to  predict  mission 
capability  (MICAP)  from  a  set  of  supply  performance 
measures  identified  as  being  "Salient"  (highly 
correlated  with  MICAP)  for  a  MAJCOM  and  all  the  bases 


in  a  MAJCOM. 


Develop  a  technique  that,  would  identify  significant, 
differences  between  commands  and  bases  within  commands 


with  respect  to  one  or  more  supply  performance 
measures. 

3.  To  develop  statistical  indices  with  which  to  grade  the 
performance  of  supply  accounts  (bases  and  major 
commands)  with  respect  to  one  or  more  supply 
performance  measures. 
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APPROACH 


The  approach  is  essentially  a  multi step  filtering  process 
with  two  stages.  In  stage  one.  which  consists  of  three  filtering 
steps.  the  variables  that  are  "SALIENT"  for  the  MAJCOM  are 
identified.  In  the  second  stage.  which  consists  of  eight 
modelling  steps.  the  variables  identified  in  stage  one  are  used 
in  a  series  of  regressions  using  a  robust  model  to  predict  MICAP 
for  each  base  in  the  MAJCOM.  Only  a  few  bases  were  run  for  SAC 
to  demonstrate  the  predictive  capability  of  the  model. 

For  the  second  and  third  objectives  dealing  with  determining 
differences  in  performance  between  bases  and  MAJC0M3  a 
heuristic  method  called  (DA)  Difference  Analysis  was  used.  The 
method  combines  the  influences  of  many  performance  measures  by 
transforming  the  variable  values  to  utilities.  then  mapping  the 
transformed  distribution  of  values  onto  a  uniform  distribution. 
From  these  steps  emerges  a.  distribution  of  values  in  which 
intervals  of  the  utility  values  are  associated  with  a  percentile 
score  or  range  of  percentile  scores.  Then  for  any  subset,  of  the 
transformed  values,  representing  a  base  or  a  MAJCDM,  a  percentile 
grade  may  be  computed.  Because  the  grades  thusly  established  are 
percentile  scores  they  may  be  interpreted  in  the  ordinary  way  one 
looks  at.  grades  on  a  scale  of  0  to  100  and  differences  computed 
by  subtraction. 
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CONCLUSIONS 

A  model  to  predict.  MICAF'  was  constructed  that  appears  to  be 
robust  -for  all  MAJCOMS  and  bases  within  MAJCOMS.  The  model 
allows  all  variables  identified  as  "salient"  for  a  MAJCOM  to  be 
used  in  the  prediction  of  MICAP.  The  results  of  the  model  are 
additive  over  bases  for  the  MAJCOM  and  these  results  can  be 
summed  to  predict  MICAP  Air  Force  wide.  Furthermore  the  model 
allows  for  the  ranking  of  performance  measures  and  categories  of 
performance  measures  in  descending  order  of  impact,  on  MICAP  by 
base  and  by  MAJCOM.  This  feature  creates  a  priority  list  that, 
can  be  used  in  operat.  ional  1  y  managing  performance  measures  to 
achieve  the  maximum  effect  on  MICAP. 

It.  is  possible  using  the  DA  algorithm  to  create  an  index 
that  can  be  used  to  identify  significant  differences  in  supply 
performance  between  bases  and  MAJCOMS  with  respect  to  one  or  more 
supply  performance  measures. 

DA  also  provides  for  standard  based  grading  if  supply 
accounts  with  respect  to  one  or  more  performance  measures. 

The  models  developed  in  this  study  and  the  results  achieved 
indicate  that  operational  variables  can  be  correlated  to  supply 
performance  measures  and  that  at  least,  one  operational  variable 
MICAP  can  be  predicted  by  base  and  MAJCOM  with  a  respectable 
deqree  of  accuracy. 


Effort  should  continue  to  bring  the  analytical  results  to 


the  base  operational  level  to  provide  operational  personnel  with 
guide-lines  indicating  which  supply  per -for  man  ces  measures  should 
be  watched  closely  and  managed  adroitly  to  achieve  the  maximum 
reduction  of  aircraft  grounding  incidents  (MICAP ). 


CHAPTER  1 


INTRODUCTION 

The  problem  o-f  relating  supply  performance  measures  to 
operational  charactar i st i cs  (variables)  such  as  MICAP.  is  not  new 
and  has  been  the  subject  o-f  many  studies  by  the  Air  Force  and 
other  civilian  agencies  and  individuals. 

This  study  describes  a  method  o-f  relating  supply  performance 
measures  to  operational  variables  (MICAP)  that,  can  improve  supply 
resource  allocation  and  result  in  better  allocation  decisions 
enhancing  supply  performance  and  increasing  levels  of  mission 
capability.  Operational  commanders  at  all  levels  can  be  supplied 
management.  information  in  the  form  of  ordered  lists  of 
performance  measures  and  categories  of  performance  measures 
which  would  be  the  basis  for  base  level  supply  management 
policies  aimed  at  manipulating  and  watching  the  performance 
measures  in  priority  order  that  have  the  greatest  impact  on 
operational  capability  (MICAP. ) 

Operational  commanders  at  higher  levels,  base  commanders  and 
above,  can  be  provided  indices  of  performance,  relative  to  the 
rank  order  of  performance  measures.  that  indicate  the  relative 
ranking  of  the  base  among  bases  in  the  MAJCOM  and  the 
establishment  of  the  rank  position  as  being  "statistically 
significantly"  above  average.  average,  or  "statistically 
significantly"  below  average  for  the  MAJCOM  as  a  whole.  The 
indices  being  percentile  scores  can  be  manipulated  and  compared 
like  test  scores  between  0  and  100  in  the  ordinary  way. 
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Background 


"Although  a  number  o f  tools  are  under  development  to  help 
translate  logistics  resources  into  operational  capabilities, 
there  is  no  existing  system  to  link  supply  support  given  at 
individual  bases  to  the  operational  capabilities  that  result  from 
this  total  support  effort.  As  a  result.  HQ  USAF/LEYS  tasked  the 
AFLMC  to  examine  wavs  to  correlate  existing  supply  performance 
information  to  operational  performance  factors. 

As  an  initial  examination  into  this  area,  two  studies  bv 
outside  activities  were  sponsored.  An  Air  Command  and  Staff 
College  ( ACSC )  study  entitled  "Relationship  Between  Wholesale 
Stock  Fund  Item  Demands  and  Aircraft  Flying  Activity".  Report 
Number  E580-81 .  authored  bv  Major  James  C.  Wendt.  attempted  to 
use  simple  linear  regression  to  determine  whether  there  existed  a 
relationship  between  wholesale  level  demands  of  stock  fund  items 
and  aircraft  flying  activity.  The  study  was  limited  to  the  F— 1 1 1 
weapon  system  with  data  covering  approximately  two  years.  His 
results  indicated  there  was  no  significant,  relationship  between 
flying  activity  and  wholesale  demands.  At  this  same  time.  the 
AFLMC  contacted  the  faculty  at  Auburn  University  to  look  at 
possible  relationships  between  various  operational  performance 
measures  and  standard  supply  management  information.  While  both 
studies  were  rudimentary,  this  last  effort  with  Auburn  University 
did  show  some  promise  for  further  extensions  into  this  area 
concerning  possible  correlations  between  supply  and  performance 
data  at  and  across  individual  bases. 


Following  those  two  endeavor s .  the  AFLMC  contacted  the  Air 
Force  Academy  and  asked  the  -faculty  to  look  at  this  area.  flavor 
Salvatore  J.  Monaco  and  Major  Brian  E.  Ester  by  in  "Supply 
Per  f  orruance  Indicators",  Report  Number  USAFA  TR  81-7.  performed 
some  rigorous  analyses  with  approximately  two  /ears  of  data 
across  two  bases.  Again,  they  could  not  arrive  at  a  significant 
correlation  between  supply  measurements  and  operational 
capabilities.  However  ,  they  identified  possible  problems  that 
might  have  prevented  the  successful  development  of  a  correlation 
model  across  bases  the  sire  of  the  data  base,  the  small  number 
of  variables  (14  independent  supply  variables).  and  the  use  of 
different  weapon  systems  at  the  bases  examined. 

As  a  result  of  these  efforts,  the  AFLMC  believed  that  a 
final  examination  of  this  entire  area  should  be  conducted. 
Basina  this  study  on  the  Air  Force  Academy  results.  the  AFLM 
sought  to  col  1 ect  a  homogeneous  data  base  for  a  longer  period  of 
time  and  to  expand  the  number  of  variables  examined.  This  stud-/, 
then,  presents  the  finding  of  an  effort  designed  to  take  the  most 
favorable  conditions  and  to  develop  any  reasonable  correlation 
model  across  more  than  one  individual  base."  (The  Foregoing 
reprinted  from  AFLMC  Report  021023)  (8) 
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The  AFLMC  study  report  0212029  had  as  its  objective  " - to 

examine  correlations  between  supply  performance  measurements  and 
operational  capability". 

" - To  identify  supply  related  variables  that  correlate  well 

to  operational  performance. 

" - To  identify  any  correlated  variables  applicable  to  more 

than  one  base. " 

The  conclusions  of  this  study  are  summarized  below: 

1.  "The  operational  variable  that  correlated 
best  with  the  supply  information 
was  the  Fully  Mission  Capable  Rate 

< Y2 )  variable". 

2.  "The  Y2  variable  was  used  in  models  that 
were  constructed  across  two  bases 
sharing  a  common  weapons  system". 

3.  "The  key  variable  in  all  significant 
model s  was  the  Cause  Code  A  < NON-MA ) 

Supply  Variable  X16". 

4.  "Other  weapons  systems  on  any  given  base 
influence  the  regression  results". 

5.  "Current  aggregate  measures  within  the 
standard  base  supply  account  do  net 
provide  the  detailed  information  ri  • 
would  be  required  to  supc 
correlation  effort  between  ; ; 
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Limitations  on  the  Methodology 

The  data  used  in  this  study  came  from  Monthy  Base  Supply 
Management  Report  (M32)  consisting  of  seventy-eight,  supply 
performance  measures  (See  Appendix  A).  Note;  the  values  in  the 
M32  data  have  been  divided  by  106. 

Only  twelve  months  of  data  for  each  variable  was  available 
in  the  M32  data  base  used  for  this  study. 


CHAPTER  2 


RESEARCH  METHODOLOGY 


The 

research  proceeded 

in  two  stages. 

The  first 

stage 

was 

concerned 

with  finding  the 

supply  performance 

measures 

that 

are 

significantly  correlated 

with  MICAP  for 

al  1 

bases  in 

a  i 

rna  j  or 

command. 

Considerations 

of  "robustness" 

also 

i  dictate 

that 

any 

set  of 

performance  measures  selected 

as 

"sal ient 

"  (highly 

correlated  with  MICAP)  -for  a  MAJCOM  should  be  usable  in  a 
predictive  model  of  MICAP  -for-  every  base  in  the  MAJCOM. 

The  second  stage  o-f  the  predictive  modelling  research  is  to 
■find  a  model  that  can  be  used  to  predict  MICAP  at  every  base  in  a 
MAJCOM  using  all  the  "salient"  variables  tor  the  MAJCOM. 

Knowing  that  MAJCOMS  vary  by  weapons  systems  and  types  of 
aircraft  flown  and  in  a  var iety  of  other  ways  that  are  dictated 
by  the  unique  and  distinctive  character  of  the  MAJCOM.  it  is 
assumed  that-  in  stage  one  of  the  research  methodology  each 
MAJCOM  would  have  a  different  set  of  "salient."  performance 
measures  with  some  measures  common  to  all  MAJCOMS.  If  the  model 
developed  in  stage  two  is  robust  it  will  efficiently  predict 
MICAP  for  the  differing  sets  of  Salient  variables  by  MAJCOM. 

It.  should  be  noted  here  that,  having  only  twelve  observations 
of  each  variable  by  month  precludes  the  effective  use  of  time 
series  analysis  in  stage  two  of  the  model. 


The  stages  of  the  model  and  the  steps  in  each  are  now 
presented  in  detail.  Figure  I  depicts  the  model. 

S£a3e-i-=-S£ee-ij._CacceLa£iD9_Eec£QCDf>ance-Heasuc:es_£Q_CllCd£ 

To  determine  for  each  base  in  a  MAJCOM  which  performance 
measures  have  a  significant  correlation  to  MICAP  it  is  first 
necessary  to  create  from  the  twelve  observations  for  each 
variable  twelve  sets  of  these  observations  but  rotated  in  time  by 
one  month.  For  example,  suppose  the  observations  for  a 
particular  performance  measure  were  as  follows,  called  rotation 
zero. 

Observations  at.  Rotation  (0) 

1  2  3  4  5  6  7  8  9  10  11  12 

4/82  5/82  6/82  7/82  8/82  9/82  10/82  11/82  12/82  1/83  2/83  3/83 

10  11  12  13  14  15  16  17  18  19  20  (21) 

Then  Rotation  (1)  would  be  created  by  moving  the  value  for 
3/83  to  4/82  and  pushing  all  the  other  values  right  one  month. 
The  result  would  be  as  follows1 

Observations  at  Rotation  < 1  ) 

1  2  3  4  5  6  7  8  9  10  11  12 

4/82  5/82  6/82  7/82  8/82  9/82  10/82  11/82  12/82  1/83  2/83  3/83 

(21)  10  11  12  13  14  15  16  17  18  19  20 

Thus  proceeding  twelve  rotations  of  the  data  for  a 


performance  measure  (PM)  are  generated. 


Each  of  the  twelve  rotations  of  the  PM  are  now  correlated 


with  the  twelve  observations  of  MICAP  for  the  base.  One 
(sometimes  two)  of  the  rotations  will  be  maximally  correlated 
with  MICAP.  The  rotation  index  of  the  maximally  correlated 
rotation  indicates  a  lag  time  for  the  correlation  with  MICAP. 
This  means  that  if  maximum  correlation  occurs  at  rotation  six  (6) 
then  MICAP  today  is  most  influenced  (correlated)  with  PM  activity 
six  (6)  months  ago.  Appendix  B  contains  the  rotation  data  for 
all  seventy  eight  PM's  for  LOPING  AFB  in  SAC. 

To  determine  the  PM  rotation  conmbi nations  that  are 
"significantly"  highly  correlated  with  MICAP  the  distribution  of 
the  correlation  coeffient-  (R)  is  invoked.  ‘S  *fc  (  \j 

At  the  c\  =  .001  level  (two  tailed)  the  ciritical  value  of 
( R  )  i s  0 . S230 . 

The  correlation  coefficient  for  every  PM  -  rotation 
combination  was  computed  for  all  seventy-eight  PM's  for  SAC. 
Appendix  C-l  contains  a  sample  computer  print,  out  for  SAC.  all 
bases,  all  performances  measures.  Maximum  significant 
correlations,  both  positive  and  negative.  greater  than  0.8230 
are  denoted  with  %%%. 

The  justification  for  the  above  procedure  is  the  assumption 
that  "the  past,  is  like  the  present  which  is  like  the  future",  in 
other  words  the  general  behavior  of  each  PM  and  MICAP  over  a 
years  period  of  time  is  essentially  the  same  year  to  year. 


45-16 


*'IVJ 

‘V'l 

iVi'I 

TO 


Stage.  i_r_SteE-2_Selectin3_Ihe_Een£Qci£iariCB_tlBa5uc:e_MQst_tlighl.'/ 

CocceLated.tQ-EllC&E 

From  Step  1  there  is  found  a  maximum  positive  and  a  maximum 
negative  correlation  for  each  PM  at  each  base  in  SAC.  However, 
these  maxima  are  not  always  both  significant  00.8230).  The  sign 
of  the  correlation  also  indicates  the  nature  of  the  relationship 
between  the  PM  and  MICAP;  either  direct  (+  correlation)  or 
inver  se  <-  correl at  ion ) . 

Using  only  instances  (bases)  for  which  both  maximum  positive 
correlation  and  the  maximum  negative  correlation  are  significant 
a  choice  is  made  which  relationship  to  use  for  the  PM  over  all 
bases  using  the  Wilcoxon  Linear  Two  Sample  Rank  Correlation 
Test.  (2). 

Given  that,  there  are  tv.  ;  o  -  ■ .  7  ?  occurances  for  a  given 

PM  in  which  both  the  negative  and  positive  correlations  are 
significant.  then  there  are  positive  correlations  ; 

negative  correlations.  The  ir/  correlations  are  rank  ordered  in 


descending  order  of  absolute  value. 


=  2.  I  B-i 


Hi  = 


if  the  correlation 
is  positive  and  the 
positive  correlations 
have  the  largest  rank 


The  var  iable  jJ's.  is  distributed  T  /  s  ■  with 


Cl 


'  j  v  v 


/  (  -  .  ,  -  ,  +  1  j 


Calculated  values  of  r  -2.,  and  the  corresponding  -  values 
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and  critical  ~t  values  are  shown  in  Appendix  C-2.  If  the 
positive  correlation  rank  sum  significantly  exceeded  the  negative 
correlation  rank  sum  then  the  relationship  of  the  PM  to  MICAP  was 


assumed  as  direct.  If  the  converse  was  true  the  relation  of  the 
PM  to  MICAP  was  assumed  as  inverse. 

To  insure  that  a  statistically  significant  number  of 
instances  of  significant  positive  (or  negative)  correlation  exist 
for  the  PM  at  this  step,  the  average  maximum  correlation,  based 
the  sample  size  k  from  which  it  was  computed,  is  assumed  to  have 
a  t  distrubtion  with k  degrees  of  freedom.  If  the  average  maximum 
correlation  for  the  determined  relationship  tests  "not 
significant"  at.  k.  degrees  of  freedom  the  variable  is  tagged  as 
"not  significant"  for  the  MAJCOM  and  dropped  from  the  salient  PM 
set . 

Consider  for  example  PM  #1  (Appendix  C-2),  the  relation  is 
determined  as  direct  based  on  4  instances  in  which  positive 
correlation  exceeded  the  negative  correlation.  The  average 

maximum  positive  correlation  is  0.3233  at  4  degrees  of  freedom. 
Reference  tc  the  ~t  -  distribution  tables  indicates  that  0.5233  is 
significant  at0''  =  .10.  Appendix  C-3  contains  a  table  of  PM  ’  3  for 
SAC  ordered  by  average  maximum  correlation  and  annotated  with  the 
experimentally  determined  relationship  to  MICAP  and  the  average 
time  lag  for  the  relationship.  Note  in  Appendix  C-3  a  number  of 
PM-’S  that  exhibit  significant  correlation  with  MICAP  have  been 
ruled  "not  significant"  based  on  the  above  test.  This  is  a  very 
stringent  test  of  significance  and  PMs  that  pass  it  are  highly 
•  significantly  correlated  to  MICAP. 
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Appendix  C-4  displays  the  results  of  the  correlation 
filtering  applied  in  steps  1  and  2.  Here-  the  F  M '  s  are  arranged 
bv  category  and  significance  level  within  category. 

At.  this  point  it  is  clear  that  all  variable  categories  arc 
still  playing  a  role  in  determining  MICAP’  because  one  or  more  c 
the  category  PH’s  is  statistically  significantly  correlated  no 
MICAP.  The  variafc’es  on  this  display  not  eliminated  _-.r.d  mar.  ad 
as  "not  significant"  form  the  MAJCQM  "salient.”  performance 
measure  ( PM  1  set.  It  is  these  variables  that  will  be  uati 
subsequently  at  each  base  in  the  MAJCOM  to  forecast.  MICAP  for  th_ 
base. 

Appendix  C-5  contains  a  slightly  di-f  Tc-i  eni.  display  of 
same  da*  a  contained  in  C  •’  but  in  C-5  within  era  cl.  category  ti.o 
PM’s  are  or  der  od  bv  cor  r  el  at  ion  rank  and  thOLe  that.  w«;  c 
identifier!  as  significant  are  tagged  with  hi. 

Appendix  C-6  contains  s  summary  of  ti  *1 3  ciD u've  it;  ••  Cr  f:iw.  1  1  ^ » :  i 
the  form  of  a  table  of  PM  categories  with,  tire  aver  ays  *  anh  cam 
for  significant  variables  computed.  ( See  column  r.eadeu  216 
P  /WAP 1  Table  CP,.!  in  .inserted  and  table  C  o.Z  i  s  suited  b.  old 
P/VAR.  In  this  table  the  categories  with  the  smaller  .  er 


The  display  in  Appendix  C-7  shows  the  PM’s  arranged  by 
■frequency  and  cumul  ative  frequency  of  positive,  negative  at  total 
significant  correlation  to  MICAP.  It  appears  that  there  is  no 
concentration  of  relationship  < correl at  ion )  with  MICAP  in  any  PM 
or  set  of  PMs ,  but  rather,  that  there  is  no  obvious  set.  of  PMs 
that  are  dominant  in  terms  of  freqency  of  significant  correlation 
to  MICAP  across  bases  in  the  MAJCOM. 

Stage  _l-_Stsp_'l  ^..Select  _Salient_yaciable5_£ac_a_Sp.eci£is:-.Eio5e 

Finally  Appendix  C-8  shows  the  F’M’s  at  each  base  in  SAC 
order  by  correlation,  both  positive  and  negative,  with 
significant  correl  at  ions  denoted  by  When  forecasting  MICAP 

at  a  given  base  this  display  will  be  used  to  determine  the 
variables  in  the  MAJCOM  salient  set  to  delete  from  the 
forecasting  set  due  to  nor, -si  gnif  icance  at  the  base. 

Ptage..2 .-Step  «  •  ..Identify iDg_Tbe_Ewbust__Fo!:.ec<3Sfci.Dg_MQdeL 

All  the  previous  steps  involved  in  the  model  were  aimed  at 
determining  a  "salient"  PM  set  for  a  MAJCOM  that  could 
subsequently  be  used  for  eve'-v  base  in  the  MAJCOM  in  predicting 
MICAP  at  each  base. 

In  developing  a.  predictive  model  of  MICAP  the  following 
conditions  and  limitations  were  sought  and  observed. 

1  The  model  must  fce  robust.  Ideally  the  model 

should  usr?  a  single  "salient."  set  of  PMs 
for  each  M-MCOM  and  each  base  in  a  MAJCCM. 


1.1  The  predictive  model  should  use  the  PM’s 
in  the  MAJCOM  "salient"  set  -for  each 
base  in  the  MAJCOM. 

1.2  The  predictive  model  should  be  of  the 
same  mathematical  form  -for  each  base  in  a 


MAJCOM  and  the  same  for  each  MAJCOM. 


Although  the  same  PM' s  will  be  used  to 
predict  MICAP  at  every  base  in  a  MAJCOM,  the 
PM's  maximum  correlation  with  MICAP  -from  base 
to  base  will  occur  at.  different  rotations 
(lag  times). 

3  The  values  of  the  PM's  and  MICAP  over¬ 
time  for  any  base  exhibit  considerabl e  random 
variation.  The  model  should  not  be 
formulated  to  track  these  random  variations 
but  rather-  to  capture  the  behavior  underlying 
the  random  variation;  that-  is  the  model 
should  capture  and  represent,  the  "essential" 
underlying  behavior  of  each  PM  and  MICAP  over 
t  i  me . 

4.  Tb s  data  contains  only  twelve  (12) 

observations  for  each  PM  at  each  base.  Since 
a  MAJCOM  "salient."  set  of  PM's  could  contain 
more  than  twelve  (12)  PM’s  linear  combinations 
of  the  PM' s  cannot  be  regressed  on  MICAP. 
Furthermore  time  series  cannot  be  used 
effectively  or:  so  few  data  points. 

5.  The  model  must  be  capable  of  yielding  the 
MICAP  elasticity  to  each  PM. 
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In  the  search  -for  a  "robust"  predictive  Model  ,  the  limited 
amount  of  data  <12  observations)  is  the  key  limitation  on  the 
methodology.  It  is  clear  that  any  attempt  to  regress  linear 
combinations  o-f  the  PM‘s  on  MICAP  will  fail  the  robustness 
criteria  outlined  above,  if  all  the  PM '  5  in  the  "salient"  set  c.r  = 
to  be  used. 

Based  on  the  data  limitation  a  model  must  be  developed  that 
relates  each  PM  to  time  and  MICAP  to  time  then  provides  a  wa>  to 
rel ate  each  PM  to  MICAP.  This  model  must  reflect  the  "essentia, 
behavior  of  these  variables  over  time  providing  acceptable 
values  from  regressions  of  the  variables  over  time. 

Appendix  D  contains  plots  of  the  observed  PM  data  and  iliCnf 
ff  -»+■  -v  -£  t:  ws  1  vs  months  for  LOR I  MG  AFB .  SAC ,  and  includes  the 

( r->r  tv of  the-  seventy  ■  sight  pc.*  formanoo  measet  us  .  --t  - 

id-'-'t  i x  led  as  "salient"  for  the  MAJCDM. 

•  jr.dei'  l  ving  the  r  an  don  fluctuation  of  MICAP  and  the  r'M  -  o  •  ■- 
*  j  Kr  f  b  sr ''  e  -f  o1 !  ~  s  so  n  t  i  a  1  "  behaviors  <  t  r  3 vi d  s  •  that  fc  - 

e.e9"  and  which  make  sense  in  terms  of  the  commun  -s- 
relationships  that  can  exist-  between  MICAP  and  the  individual 

PM  s . 

The  four  "resort  i  al  "  .Triable  behavior  c  apparent,  in  the  d-*te> 


,irp  shewn  below 


Positive 

Linear- 

Trend 


Negative 

Linear- 

Trend 


Concave 

Turning 

Point 

Trend 


Convex 

Turning 

Point 

Trend 


Decreasing 

Trend 


Increasing 

Trend 


than 
i  s 


O-ften  the  observed  data  -for  a  PM  or  MICAP  will 
one  of  the  above  trends  and  hence  the  general 


fc  i 


exhibit  more 
robust  model 


Appendix  D  shows  the  model  ext i mates  plotted  with  the 
observed  data  -for  MICAP  and  the  PM' s  in  the  MAJCOM  (SAC) 
"salient"  set.  It  can  be  seen  that  the  model  is  smooth,  thus 
representing  the  complex  trend  in  the  data.  Furthermore  it  can 
be  seen  that  the  model  is  sensitive  to  major  upturns  or  downturns 
in  the  observed  data. 

However.  MICAP  is  not  yet.  related  to  the  PM '  s  such  that 
MICAP  can  be  -forecast  from  the  PMJs.  Also  the  impact  of  each  F'M 
as  measured  bv  the  elasticity  of  MICAP  to  each  PM  is  also  not  yet 


known . 
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To  p=tabl i  sh  the  impact  of  each  PM  on  MICAP  the  elasticity 
of  MICAP  to  each  PM  is  computed  by  regression  using  the  -following 


model . 


M  I  CA 


v  r- 


t  -  i.  ,  I  2. 
o  -  i  ,  78 


This  is  a  Cobbs-Dougl as  product ion-f unct ion  in  which  the 
parameter  is  the  elasticity  o-f  MICAP  to  the  PM.  To  see  this 
consider  the  equation 


V  -  ex'  X 


then  ^  V-  —  jL  k 


ft- i 


wh i c h  is  ^  ^  _  (g  Y 


which  a  little  algebra  can  show  is 

(c>y  /y )  /  (  6*  /  x)  -  A 

Replacing  the  in-f  initesimal  s  cM  and  cVwith  finite 
differences  we  get 


in  which  ty-yt,  _  and  *X**'  —  v  *-  and  then 

/ 1,  »  -  —  > 

/>  L 

^  Xt-  i 

which  can  be  seen  to  be  the  ratio  of  percentage 
changes  in  the  respective  variables  which  is  a 
definition  of  elasticity.  The  results  of 
regression  on  the  transformed  model 

in  =  La  cx  -t  £  ^  ^  ^  1 ' '  '  '  '  ^ 

c  -  78 

are  found  in  Appendix  E. .  The  elasticities  for  each 
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Table  2-0  displays  the  forty-one  (41)  PM^s  selected  as 
salient  for  LORING  APB,  SAC  by  category. 

Table  2-1  shows  the  forty-one  (41)  salient  MAJCOM  (SAC) 
PM's.  the  may i mum  average  correlation  to  MICAP,  the  rotation 
(lag)  for  the  correlation  and  the  elasticity  of  MICAP  to  the  PM. 
These  results  were  obtained  using  all  twelve  (12)  months  of  data 
available  for  each  PM.  Also  noted  is  the  PM  category  and  the 
category  name.  Table  2-2  summer i zes  the  average  absolute 
correlation  of  the  salient  PMs  with  MICAP  by  category  including 
the  standard  deviation  also  the  absolute  elasticity  of  MICAP  to 
the  c>M-‘s.  and  the  standard  deviation.  This  table  also  shows  the 
pe^-'-entage  of  the  PMs  in  a  category  that  turned  out  significant 
for  the  MA7CC1M. 

In  tables  2-3  and  2-4  appear  the  management-  data  that  would 
b«=»  used  to  draft  a  MICAP  management  strategy  at  the  base  level. 
Tn  Tab’s  2-3  the  PM  categories  are  ordered  by  the  percentage  of 
the  variables  in  a  category  significant  for  the  MAJCOM.  Mote 
that  wit1-  ei'crot  ion  of  categories  9 .  12  and  13  the  ranging 

closelv  fellows  a  ranking  by  average  absolute  elasticity .  Table 
?-4  shows,  tho  PM  categories  ranked  by  average  absolute  elasticity 
with  MICAP  in  descending  order.  Appearing  in  the  last  column  of 
the  t-.ble  is  the  category  PM  wi  +  h  the  highest  elasticity  to 
MICAP. 

prom  the  data  in  Tables  2-1  to  2-4  it  appear  s  that  the 
following  PM  categories  are  highly  influential  on  operational 


TABLE  2-0 

SAC  SALIENT  VARIABLES  FRON  NAJCOH  SELECTION 
FOR  BASE  4678  LORING  AFB 


RAIlNUn 

SIGNIFICANT 

CORRELATION 

NAI1HUH 

RNC 

GROUP. NA* 

VARIABLE 

ROTATION 

CORRELATION 

1 

Beasutes  Qi  Sue 

5 

0 

1.8436 

6 

0 

1.3426 

2 

Not  Sis 

Hat  Sis 

l 

3 

1.5226 

2 

But  Sis 

Hat  Sis 

4 

3 

1.S4Z1 

2 

Actmtx  Beasutes 

IS 

3 

iJ264 

15 

3 

.5333 

14 

3 

1.5243 

IZ 

6 

1.348Z 

12 

11 

-..5413 

11 

13 

1.86Z2 

3 

EFFectiieuess  Beasut.es 

21 

£ 

1.54Z4 

24 

Z 

1.3623 

23 

3 

.3523 

25 

2 

.5234 

22 

4 

.64Z3 

4 

BICAP 

BIB 

m 

NZB 

5 

Repair.  Cxcle  lelotiaUas 

3Z 

13 

.3232 

33 

3 

1.3556 

35 

Z 

.3122 

34 

3 

1.3Z23 

33 

4 

.5525 

6 

EWigecawtable  Bii 

42 

Z 

.5232 

Z 

Ifcseocx  Bit 

43 

z 

1.3252 

44 

z 

.3842 

8 

Pr.iacitx  Bit 

45 

Bat  Sis 

Bat  Sis 
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iatLE  zdi  Lcam 

sac  ssiiEsi  vaeiasus  ehm  uaicoa  sascnw 
m  base  «?s  irons  icwiuneiu 


6*01* 

3 

14 

11 


12 

13 

13 

13 

16 


S16HLE1CAHI 

aaiiBuii 

CQttELailU 

H&XUW 

GROUP  JUU1E 

VARIABLE 

ROTATION 

CORRELATION 

Euadias  Hi; 

3Z 

4 

.8224 

Beach  Stock 

33 

5 

.-.3232 

Excess 

5Z 

lot  Sis 

lot  Sis 

S 

2 

.8333 

S3 

3 

.3326 

S2 

3 

.3333 

Special  Levels 

64 

2 

.8684 

SB 

lot  Sis 

Hot  Sis 

61 

lot  Sis 

lot  Sis 

53 

4 

r.3323 

Sieisce  Levels 

63 

lot  Sis 

Hot  Sis 

62 

4 

.-.8322 

63 

4 

r.3336 

HBSK/PSK 

62 

4 

.-.3338 

Receipts  oo  Iiie 

24 

3 

.8326 

63 

3 

.8245 

21 

* 

.8288 

loyeaiccx  accuracy 

23 

6 

.-.8322 

26 

lot  Sis 

lot  Sis 

22 

6 

.-.8281 

22 

6 

.-.8336 

23 

6 

.-.8338 
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ELASTICITY  I1ITH  HICAP 
ANALYSIS 

WITH  CORRELATIONS 
SPAN  4678 
LOSING 


HICAP  CAT  CATEGORY 

VflRIABlE.MK  COEBEIAIION  BOIflIJOS  ElfiSIICIIJ  NO. 


*  OHB  -  Overall  (EDO) 

843£ 

0 

-1.44195 

1 

Cat.l  -  Effectiveness  Measures 

4  OHB  -  Overall  (Equip) 

-.8463 

0 

-  .367246 

1 

Cat. 1  -  Effectiveness  Measures 

No  Itea  Sets  -  Overall 

-.3236 

0 

-5.93254 

1 

Cat. 2  -  Activity  Measures 

♦  OHB  -  Overall  (Repair  Cvc ) 

-.8471 

0 

-  .492101 

1 

Cat.l  -  Effectiveness  Measures 

Total  Bor  -  Rec 

.9264 

0 

1.266122 

2 

Cat. 2  -  Activity  Measures 

Tot  Overall  Rees  -  1  Total 

.8909 

0 

1.36762 

2 

Cat. 2  -  Activity  Measures 

Total  Receipts  -  Equip 

-.8240 

9 

-  .647362 

2 

Cat. 2  -  Activity  Measures 

Total  Bor  -  Equip 

-.9487 

6 

-  .73521 

2 

Cat. 2  -  Activity  Measures 

Total  Due  -  Outs  -  Equip 

-.8419 

11 

-  .289603 

2 

Cat. 2  -  Activity  Measures 

Total  Due  -  Outs  -  Supplies 

-.8672 

10 

-  .77E015 

2 

Cat. 2  -  Activity  Measures 

EOO  Issue  Eff 

-.8474 

5 

-3.07552 

3 

Cat.l  -  Effectiveness  Measures 

Rec  Rel  Eff 

-.8630 

7 

-1.73233 

3 

Cat.l  -  Effectiveness  Measures 

EOO  Stk  Eff 

.2502 

q 

10.6282 

3 

Cat.l  -  Effectiveness  Measures 

EDO  Rel  Eff 

.8394 

2 

6.29269 

3 

Cat.l  -  Effectiveness  Measures 

Rec  Stk  Eff 

.8279 

4 

3.68845 

3 

Cat.l  -  Effectiveness  Measures 

Rec  Issue  Eff 

.9477 

4 

4.0762 

3 

Cat.l  -  Effectiveness  Measures 

Avo  AMP.  NRTS  -  All  Orq 

.3202 

10 

.008355 

5 

Cat. 5  -  Repair  Cycle  Inforuaticn 

Avo  RCT  Tot  RTS  -  All  0r? 

-.9586 

0 

-1.21904 

C 

J 

Cat. 5  -  Repair  Cycle  Information 

AVS  RCT  Condi*  -  All  Orq 

.9122 

7 

1 

1.0927 

5 

Cat. 5  -  Repair  Cycle  I r. f nation 

Avq  RCT  Total  NPTS  -  All  Orq 

-.8730 

3 

-  .42*352 

r 

Cat. 5  -  Repair  Cycle  Inforuation 

Total  Units  RTS  -  All  Orq 

.2525 

a 

.481437 

5 

Cat. 5  -  Repair  Cycle  Infartaoicn 

EOO  ?t)S  Rsnst  -  I  Tot  ED 

.9701 

7 

£.01513 

6 

Cat. 5  -  EDfl/Pecoverable  Mia 

lt*5  Pnstsd,  Ur q  B,  I  Tot 

-.9259 

"1 

-1.23023 

■7 

1 

Cat. 7  -  Urgency  Mix 

Itus  Oqsfed,  Urq  C.  X  Tot 

.8842 

7 

2.72512 

7 

Cat. 7  -  Ur qency  Mis 

I  Tot  Itis  P/O  -  SSD 

.8720 

0 

3.08066 

9 

Cat. 3  -  Urgency  Mis 

Bench  St)  Auth  -  Total 

-.9242 

5 

-!. 03269 

10 

Cat. 10-  Bench  Stock 

*  Excess  Euuip  -  GSD 

.3955 

7 

.247256 

11 

Cat. 11-  Excess 

1  Excess  Supplies  -  Ho*  Stk  E 

.9426 

4 

.413365 

11 

Cat. 11-  Excess 

*  Excess  Suoolies  -  SSD 

.9392 

1 

.43688 

11 

Cat. 11-  Excess 

Tot  Jt»s  -  Sp  Lvl  Enuip 

.2630 

2 

!. 19688 

12 

Cat. 12-  Special  Le/el 

Tot  Itus  -  Sp  Lvl  ECS 

-.9379 

0 

-4.31902 

12 

Cat. 12-  Special  Level 

Just  0  -  Life  Cycle  Ret 

-.8472 

0 

-1.49975 

13 

Cat. 13-  Mimuup  Level 

Just  -  All  others 

-.9426 

q 

-4.6694 

13 

Cat. 13-  Minima  Le«e! 

Tot  Detail;  -  MSK 

-.9349 

0 

-  . *74037 

14 

Cat. 14-  MRSK/MSK 

Tot  Pri  Srp  ?  -  T  on  Tiue 

.3476 

2 

3.007 

15 

Cat. If-  Receipts  on  Tiae 

Tot  *»i  Grp  1  -  I  on  Tine 

.8704 

•M 

4.02342 

15 

Cat. 15-  Receipts  on  Tiae 

Tot  Pri  Srp  3  -  '  an  Tine 

.2298 

3 

10.1738 

15 

Cat. 15-  Receipts  on  Tiae 

Tot  Itus  Counted  -  Id  C^n 

-.8422 

6 

-  .075251 

16 

Cat.  16-  Inventory  Accuracy 

Tot  Itus  Counted  -  Conplste 

.3231 

6 

-  .015019 

16 

Cat. 16-  Inventory  Accuracy 

Accuracy.  T  Units  -  SP 

-.8996 

6 

-  .22954 

16 

Cat. 16-  Inventory  Accuracy 

Tot  Itus  Counted  -  SP 

-.3328 

£ 

-  .02298 

16 

Cat. 16-  Inventory  Accuracy 

T mi  2-2 

ELASTICITY  UITH  RICAP 
SUMMARY  ANALYSIS 
BY  CATASQRY 
SRAM  4578  LURING 


IIEEORYJ 

CSIESD8IJ8K 

CORRELATION 

9Y6.  BBS  STB  DEV. 

ELASTICITY 

SVS.  BBS  SID  DEV 

VARIABLE 
II  CBI 

tCAT  VARS 
SIB 

Z  CAT  VARS 
SI6 

i 

Measures  of  size 

.8402 

.00954 

2.051! 

2.2795 

6 

4 

66.66Z 

2 

Activity  Measures 

.3832 

.04415 

.84598 

.3685 

13 

6 

46.15 

3 

Effectiveness  Measures  .8459 

.01057 

5.4322 

3.4272 

7 

6 

85.78 

4 

RICAP 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

5 

Repair  Cycle  Info 

.8835 

.02758 

.5478 

.4483 

9 

5 

55.55 

5 

EOQ  Recoverable  Mix 

.8701 

0.0 

5.0152 

0 

1 

1 

100.00 

7 

Urgency  Mix 

.8550 

.02913 

2.3276 

.3974 

2 

2 

100.00 

a 

Priority  Mix 

0 

0 

0 

0 

2 

0 

0.0 

9 

Funding  Nix 

.8720 

0 

3.0806 

0 

2 

1 

50.00 

10 

Bench  Stock 

.9242 

0 

1.03269 

C 

3 

1 

33.33 

11 

Excess 

.9258 

.02147 

.3558 

.0844 

6 

3 

50.00 

12 

Special  Levels 

.9029 

.03493 

3.0079 

1.811 

4 

2 

50.00 

13 

Hinieue  Levels 

.8954 

.04817 

3.0846 

1.5843 

4 

2 

50.00 

14 

UPSK/MSK 

.9348 

0 

.474087 

0 

3 

1 

33.33 

15 

Receipts  on  Tine 

.8489 

.3489 

5.7347 

3.1662 

3 

3 

100.CC 

IS 

Invent c-y  Accuracv 

.8504 

.8509 

.2359 

.3435 

7 

4 

57.14 

TABLE  2-3 

CP  'DRIES  RANKED  BY 
I  CF  vhRIAELES/CATEGORY 
SIGNIFICANT 
AND  BY  THE 

AVERAGE  ABSOLUTE  ELASTICITY 
CF  VARIABLES  IN  THE  CATEGORY 


CATA6QRY  I 

CfiESKUSKS 

zcdLvaes_siG 

aYLMLELasncm 

S 

EDO  Recoverable  Hit 

100  (i/1) 

6.0152 

ts 

Receipts  on  Tiee 

100  (3/3) 

5.7347 

? 

Urgency  Hi* 

100  (2/2) 

2.3276 

3 

Effectiveness  Neasures 

95.71  (S/7) 

5.4322 

1 

neasures  of  Size 

6S.SS  (4/S) 

2.0S11 

ts 

Inventory  Accuracy 

57.14  (4/7) 

.2359 

5 

Repair  Cycle  InfoMation 

55.55  (5/9) 

.6478 

9 

Funding  Nil 

50.00  (1/2) 

8.0806 

13 

Niniaua  Levels 

50.00  (2/*! 

3.0846 

12 

Special  Levels 

"*.00  (2/4) 

3.0C73 

11 

Excess 

50.00  (3/6) 

.  365B 

2 

Activity  Neasures 

46. 15  (6/13) 

.8470 

10 

Bench  Stock 

33.33  (1/3) 

1.0327 

14 

MPSlf/HSK 

33.33  (7/3) 

.47409 

TABLE  2-4 

CflTAGOPIES  RANKED  BY 
AVERAGE  ABSOLUTE  ELASTICITY  TO  RICA P 


VARIABLE  l/ELASTICITY/VAR  NAME 


CATEGORY  1 

CATESQ8T.16BE 

Avg  Abs 
ELASTICITY 

Avg  Abs 

amaiiQi 

HOST  SALIENT  VARIABLE 

LUI6U£SI  8BSQLUIE  ELASIIC1II1. 

9 

Funding  Nix 

8. 0306 

.8720 

47/  B. 08066  I  Tot  Itas  c  R/0  -  SSD 

6 

EOQ  Recoverable  Nix 

6.0152 

.8701 

42/  6.0152 

EOQ  Itas  Reqst  -  1  Tot  E0C 

IS 

Receipts  on  Tiae 

5.7347 

.8489 

71/10.1738 

Tot  Itas  Counted  -  Coaflete 

3 

Effectiveness  Neasures 

5.4322 

.3459 

t  221  3.6884 

Rec  Stk  Eff 

13 

Ninisua  Levels 

3.0346 

.8954 

64/-A.6694 

Just  All  Others 

12 

Snecial  Levels 

3.0079 

.9023 

60/  1.1363 

Tot  Itas  Sp  Lvl  -  Equip 

7 

Urgency  Nix 

2.327E 

.8550 

44/  2.7251 

Itas  Rqsted  Urg  C  -  I  Total 

1 

Neasures  of  Size 

2.0611 

.8402 

1/ -5. 9325 

No  Ita  Reds  -  Overall 

to 

Bench  Stock 

1.0327 

.9242 

49/- 1.0327 

Beach  Stk  Auth  -  Total 

2 

Activity  Neasures 

.8470 

.8832 

19/  1.3676 

Tot  Overall  Reqs  -  t  Total 

5 

Repair  Cycle  Info 

.6478 

.8835 

33/-1.2190 

Ave  RCT,  Tot  RTS  -  All  Or q 

14 

WSK/HSK 

.4741 

.93i8 

67/-  .4741 

Total  Det  -  NSK 

It 

Excess 

.3658 

.9258 

52/  .4368 

t  Excess  Supp  -  SSD 

16 

Inverter*  Accuracy 

.2359 

.8509 

77/-  .8296 

Accuracy  I  Units  -  SP. 

Cat.  £ 


Cat-  15 
Cat  3 
Cat  7 
Cat  1 


-  EOQ  Recoverable  Mix 

-  Receipts  on  Time 

-  Effectiveness  Measur  es 
Urgency  Mix 
Measures  of  Size 

In  an  AFLMC  report  in  1981  report  in  1981  Monaco  and  Esterby 
(6)  concluded  that  due-outs,  availability  measures  and  reparable 
variables  are  highly  salient  in  controlling  MICAP.  This  results 
above  appear  to  agree  with  exception  o-f  reparable  variables  which 
appear  in  the  MAJCOM  salient,  set.  but  with  lesser  apparent 
influence  on  MICAP. 

MICAP  management  would  be  exercised  by  reference  to  Table  2- 
4  and/or  possibly  Table  2-3.  From  Table  2-4  management  attention 
would  first-  focus  on  the  category  funding  mix  and  within  that 
category  pm  #47.  Eer:cect_of  -Tafcal  -Items-tfith.BiiQ-c-SSD*.  Th..= 
proceeding  by  category  and  variable  action  would  be  taken  on  the 
salient  variables  in  the  order  prescribed  by  Table  2-4.  Table  2- 
3  can  be  used  as  a  cross-reference  and  at-  times  and  based  on  tne 
number  ( Dercentaqe  >  of  category  PM ' s  significant,  one  might  change 
the  management  priority  order  as  prescribed  in  Table  2-4. 


Stage_2r:_Step_4i_Belating_MQdeLLed_MICaE_tQ_Madelled_Eecf.aciiflaa£e 

Measures 


Returning  to  the  issue  of  relating  the  PM '  =  in  the-  MAJCOM 
Salient  set  to  MICAP  recall  that  all  have  been  regressed  on  time 
using  the  model 


!  - 


-  '  . 
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In  order  to  use  all  the  PM '  s  in  the  MAJCOM  salient  set  in 


1 


the  prediction  of  MICAP  assume  that  MICAP  can  be  functionally 


related  to  each  PM  and  each  PM  is  equally  effective  (weighted)  in 


its  f orecast ab  1  l  1 1 y  of  MICAP.  Then  the  central  limit  theorem  and 


the  law  of  t ar ge  numbers  would  lead  to  the  assumption  that  the 


average  of  the  forecasts  of  MICAP  made  using  each  PM  would  be  a 


best  l i near  unbiased  estimator  of  future  values  of  MICAP. 


To  test  this  hypothesis  the  observed  PM  values  in  the 


salient  MAJCOM  (SAC)  set  wer e  normalized  using  the  following 


equat 1  on . 


Pi**-  >  a 


in  which  N' PM  )  indicates  a  normalized  value  of  PM  Appendix  F 


contains  the  result  of  these  calculations.  The  last  page  of  the 


appendix  shows  the  observed  MICAP  values  and  the  estimated  MICAP 


values.  The  estimated  MICAP  values  are  calculated  as  shown 


in  which  MICAP  i  <=  the  estimated  MICAP  computed  from  the  average 


of  the  normed  values  of  all  the  PM ’ s  m  the  salient  set  at  time 


Ppfer  £'•"*?  t~  the  st.mmar  /  Mail  caici  of  Appendix  F  indicates 


that  an  averaging  process  result?  in  a  maximum  percentage  error 


•ough  averaging  process.  though  indicative  that 


averaging  of  estimates  is  feasible.  but  the  process  must  be  cast 


“  '-*r  ms  n  *  r  »*  f. 


no'"* *">  l  -  1  r  r  -id  .  found.  (  F  9  2 .  I  above'. 
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The  averaging  can  be  affected  as  follows. 


^  -£  (  +  ) 


■'V  t  , 


MICAP  and  the  PM' 5  are  both  -functions  o-f  time  using  the  same 


model  -form  MICAP  can  be  expressed  in  a  modelled  normalized  f  or  m 


similar  to  Eg  2.2  above  by  regressing  the  model  (regression 


estimated)  values  of  each  MICAP  on  the  model  values  (regression 


estimated)  values  o-f  each  PM  in  the  Salient  set.  This  is  of  the 


form 


E.  *.  3 


-  ^  <*  ,  (?  M  \  ) 


?  or ,  and  being  est  imated  by  regr  ession. 


Stage_2_SteE_5i._Eocecast_Ibe_Salieot_EecfQcaiaoce_Cleasuc;e5_aud 

HICfiE 


To  forecast  MICAP  we  use  the  individual  regressions  of  the 


PM's  on  time  to  forecast  each  PM  ahead  seme  number  of  months,  sa 


one  month.  Then  we  substitute  these  forecast  PM  values  in  Eg  2. 


above  and  we  net  forty— one  forecast  values  of  MICAP  which 


then  averaged  to  get  a  final  forecast  of  MICAP  one  month  ahead. 


To  test  the  model  each  PM  is  regressed  on  time  o\er  for  nine 


months,  months  10.  11  and  12  which  are  1/33.  2/83  and  3/83  to  be 


forecast.  Appendix  G  contains  these  regressions. 


■  «  -  *  -S 

‘5’WPiiiW 
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The  regressions  of  estimated  (modelled)  MICAF'  on  modelled  FM 
values  are  shown  in  Appendix  H.  Reference  to  the  Coefficents  of 
Determination,  Multiple  Correlation  Coefficents  and  F  Ratios 
indicate  that  the  regressions  are  all  highly  significant.  The 
fact  that  the  corrected  values  of  the  coefficient  of 

determination  and  multiple  correlation  coefficient  are  in  some 
cases  low  is  a  reflection  of  the  fact  that  there  are  five  terms 
in  a  model  expressed  by  only  nine  values.  If  the  model  were  a 
tracking  model  as  one  would  find  in  time  series  methodology  this 
would  indicate  that  the  model  is  a  case  of  "over-fit"  that  is 
relatively  few  points  fitted  by  a  model  with  nearly  as  many 
terms.  However,  since  the  model  is  a  smooth  trending  model  these 
values  mean  only  that  the  number  of  terms  in  the  model  is  not 

greatly  fewer  than  the  number  of  data  points. 

Appendix  H-l  contains  the  same  regressions  as  in  Appendix  H 
but  using  the  model 

_  .  a 

v  M  L  ' 

in  which, €,  is  the  nine  month  modelled  MICAF  elasticity  to 
These  elasticities  will  be  used  in  an  alternate  model  of  MICAF  in 
what  foil ows. 

St.age_2_o_SteR_£-L_Begcessian_and_Ela5fcicilx_Eacecasts_a£_tlICAE' 

The  final  step  in  the  modelling  is  to  compute  MICAF' 
forecasts  for  months  10.  11  and  12  using  forecast  values  of  the 
PM' s  for  months  10.  11  and  12.  This  is  accomplished  using  Eg 
2.3.  Appendix  1-1  contains  the  results  for  month  10,  11  and  12 

forecast  using  Eg  2.3.  The  results  are  summarised  below. 


MQCJIH 

HI  CAP 
EQBEC8SI 

ACTUAL 

Hicae 

FORECAST  -  ACTUAL 
BIEEEBEtJCE 

X-D1EEEBEUCE 

«lui 

10 

.00410811 

. 00433000 

-.00022189 

-  5. 124450 

♦jfi 

1 1 

. 00474078 

. 00336000 

.00138073 

41.094300 

Vo 
*  ) 

12 

.0063731 1 

.  00231000 

.0034631 1 

1 19.007000 

JTJr 


MI  CAP 

ELASTICITY  FORECASTS 
BASED  ON  10  MONTHS 


FORECASTING  MONTHS  11  AND  12 


MICAP  ACTUAL  FORECAST  -  ACTUAL 


MONIB 

ECEECA3I 

MI  CAE 

BIEEEBENCE 

X.BIEEEEEMCE 

10 

.00455431 

. 0043300 

.00022481 

5. 192010 

11 

.  00638392 

. 0033600 

. 00302392 

89. 997700 

12 

-.03382100 

. 0029 1 000 

-.03673100 

1262.230000 

MICAP 

ELASTICITY  FORECASTS 
BASED  ON  10  MONTHS 


FORECASTING  MONTHS  11  AND  12 


MONTH 

MICAP 

E2EECAST 

ACTUAL 

MICAE 

FORECAST.-  ACTUAL 
DIEEEBENCE 

S.D1EEEBENCE 

1 1 

. 00427904 

. 0033600 

. 0009 1 904 

27. 352400 

12 

. 00399758 

. 0029100 

. 00108758 

37. 374000 

MICAP 

ELASTICITY  FORECAST 

BASED  ON  1 1  MONTHS 

FORECASTING  MONTH  12 

MONTH 

MICAP 

FQEECAET 

ACTUAL 

MICAP 

FORECAST.- .ACTUAL 
QIEEEBENCE 

li.DIEEEBENCC 

1  2 

. 00300048 

. 0033600 

. 00009048 

3.  109270 

Comparing  the  MICAP  -forecast,  results  accomplished  by  the 
Regression  method  and  the  Elasticity  method  the  latter  method 
will  be  more  sensitive  to  PM' s  that  in  many  given  -forecast  period 
show  large  changes  in  value.  whereas  the  Regression  method  will 
be  less  effected  and  yield  more  stable  results.  As  will  be 
noted  from  the  data  shown  above  both  methods  appear-  to  yield  good 
short  range  forecasts  (one  month  ahead). 

Append contains  the  results  similar  to  those  above 
for  some  other  SACs  bases. 

As  discussed  in  the  foregoing  the  MICAP  forecasting  model 
provides  information  about  the  impact  of  salient-  set  PM  ‘  s  on 
MICAP  that  can  be  used  to  develop  a  base  level  management 
strategy.  In  the  next  chapter  a  model  is  discussed  that  provides 
a  way  to  develop  supply  performance  indices  by  which  basas  and 
ma-ior  commands  maybe  compared  and  graded  on  their  performance  in 
managing  MICAP  using  the  results  o-f  the  forecast  model.  T)^e 
model  developing  the  performance  indices  and  grades  is  called  EA. 
(Difference  Analysis). 
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CHAPTER  3 


DIFFERENCE  ANALYSIS  (DA) 

A  common  paradigm  in  decision  making  and  alternative 
evaluation  is  to  think  of  the  decision  problem  in  terms  o-f  a 
number  of  alternatives  each  character i:ed.  described  and  set 
apart  -from  all  others  by  a  set  o-f  attributes  common  to  all 
alternatives  but  differing  in  value  or  description  for  each 
alternative.  For  example.  the  decision  problem  may  be  choosing 
the  "best"  automobile.  The  alternatives  and  attributes  appeal 
bel ow : 


Attr ibutes 


Altec nat ivs 

Nq«._q-£  _Dcor  5 

CqIqc 

St*l* 

lutecior 

Japanese 

Red 

Coupe 

v  a  1  out 

European 

o 

Gr  een 

Sedan 

Lent  lit. 

Amer i can 

4 

2\  ack 

Wagon 

PI  art  1C 

When  the  number  of  alternatives  and  the  number  of  attributes 
gets  large  human  decision  processes  are  sever  1  y  ta..ed  and  often 
simple  overcome  bv  the  number  of  trade-offs  that  must  be 
considered.  This  is  called  "Cognitive  Dver  load".  Furthurruui  e. 
human  decision  making  based  on  subjective  considerations  soldo:., 
avoids  the  influence  of  pre  dispositions.  preference  biases  tnj 
effort  reducing  strategies  applied  to  the  problem  itself. 

Another  ver  v/  perplexing  problem  in  mu  1 t 1  -al  ter  nat 1  .  o . 
mul  t  i -attr  ib'.ite  problem  scenarios  is  that  of  determining  how  lu 
combine  inrommensurable  attributes  into  a  value  for  f^tli 
al  t  or  nat  i  that  allows  at  least  or  d  ini.’.  raiding  of  the- 

alternatives  from  "best"  to  "worst". 
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Most  troubl  eSDI/iC-  . 


however 


is  the  problem  of  having 


attributes.  the  values  o-f  which,  over  all  alternatives  are 

distributed  differently  and  perhaps  m  non-ncr mal  fashion.  For 

example,  if  we  seek  to  compare  the  value  of  one  basketball  player 
to  another,  the  following  criteria  might  be  considered  important 
the  player1 s  height,  average  points  cored  per  game,  and  frequency 
of  injury.  Of  course.  there  may  well  be  other  criteria  to 

consider  but  these  three  attributes  are  enough  to  illustrate  a 

key  point..  The  distribution  of  the  random  variable  of  players' 
heights  j*-  Normal.  The  distribution  of  the  random  variable  of 

mean  poi  ,:.s  scored  per  game  is  Normal.  but  with  a  standard 

deviation  different.  than  the  first  distribution.  The 

distribution  of  the  frequency  of  injury  is  Poisson.  ? o  compu» - 
these  three  attributes.  we  must  first,  create  a  composite  r  a„jw... 
variable  from  the  three  different  riistr  it -at  ions  abo.e  and  tt.-n 
discover  its  orohabs.bi  l  it'.  density  f  unction  so  that  wc  uan 
establish  a  standard  of  ccr.narison  which  .  in  this  case,  would  Le¬ 
the  mean  of  the  probability  density  functions.  While  the  first 
activity  is  cossiblo.  the  second  is  an  extraordinarily  difficult 
computations!  task  and  may  in  fact  .  -iot  always  be  possible.  I  , 
the  above  case,  these  attributes  rna;/  he  referred  to  as 
inccmmensurebl  e  quantities  by  virtu."  o  of  the  dissimilarity  u.r 


1 


compl  icat  ing  -further  any  at.  temps  at  a  merger  o-f  the  attributes 
into  a  ranking  scale  for  the  alternatives. 

Even  when  only  one  attribute  is  used  the  rank  alternatives 
it  can  be  unclear  how  much  difference  exists  between  the 
alternatives  since  the  ordering  based  on  the  attribute  Vdl U8S  IS 
essentially  ordinal. 

In  the  context  of  the  Air  Force  inventory  system  what  is 
souqht  is  a  technique  that  will  develop  supply  performance 
indices  for  bases  and  major  commands  and  sets  of  bases  grouped  cy 
weapons  systems  from  which  a  grade  can  be  determined  for  bases, 
grouos  of  bases  and  MAJCQM'S  that  will  indicate  on  a  common  sense- 
scale  <*or  example  percentile  score)  "supply  per f or  manes "  wiiti 
resoect  to  one  or  more-  of  the  PM  ‘  s  being  managed  to  improve 
operational  capability.  Furthermore  fh.=  "grading"  indices  snculd 
oroviri"  for  the  determination  of  diffo-i  an  cos  in  supply 
performance  between  bases,  groups  of  bases  and  MAJCOMS. 

Th-  model  should  provide  for  "grading"  to  be  dune  using  any 


or  all  of  the  PM'  s  in  a  MAJCOM  salient  set  or  all  seventy -c- .  ght 
of  PM  ‘  s  described  in  Appendix  A. 

In  the  context  of  the  automobile  example  given  above 
"Alternative"  will  always  refer-  to  a  base.  group  of  bases  or 
MAJCOM .  and  "Attribute"  will  al  wavs  refer  to  one  or  more  -of  the 
seventy— e  i  ght-  supply  per  f  or  mance  measures  given  in  Append  1  .  A. 


The  DA  model  has  the  following  functional  components. 

1.  I 'til  it-/  Conversion  Module  ( IJCM  > 

2.  Multiple  Criteria  Decision  Analysis  Module  \ MCDA ) 


Of  ->  dvr  d  l  rat  :  on  and  Cornparison  Module  (RID  IT  ' 
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Ut  il  i  ty_Conveitsi:m_Madule  <  UCM ) 


As  noted  above  when  more  than  (or  one)  PM  is  used  to  "grade" 
supply  per f ormance  there  exists  a  mul t i -dimensional  scaling 
problem  since  the  PM's  represent  many  different-  units  of  measure 
(*.  #.  etc.)  and  many  different  value  scales.  The  UCM  module 
converts  all  the  attribute  (PM)  values  to  utilities  on  a  scale  0 
to  1.  Utility  theory  is  covered  in  detail  in  "Utility  Theory  for 
Decision  Making"  bv  Fishburn  (3). 

MuLtip  Le_Cr  i  ter i  a_Decisi  on-Analys i s.tlQduls  <  MCDA ) 

The  MCDA  stage  of  the  DA  model  is  concerned  with 

1.  A  process  for  combining  weights  (if  any)  and  attribute 
values  to  develop  a  composite  value  for  each 
al tern at i ve. 

3.  A  process  for  rank  ordering  the  compos i tve  values  of 
alternatives  from  "best"  to  "worst". 

The  composite  alternative  values  are  formulated  using 
util  it'/  functions  of  the  PM  utility  values  for  the  alternative. 
Zelenv  (4)  notes  that  establishing  individual  attribute  util  it. 
functions  is  often  difficult  enough  to  make  attempts  at  creating 
alternative  composites  impractical. 

Therefore  linear  utility  funcrtions  are  used  based  on  the 
assumption  of  utility  i ndeoendence  between  the  PM's.  Ut  ility 
independence  means  that  a  given  value  of  one  PM  (attribute)  uan 
occur  liven  an-'  set  of  values  for  the  remaining  PM '  s 


< attr i but es ) . 


A  non-empty  independent  set  of  PM '  s  always  e..  ists  since  if 
any  two  PM  ‘  s  <  attr  ibutes  )  are  -found  tc  be  util  it-,  dependent  they 
are  combined  into  a  single  PM  (attribute)  arid  redefined  as  a  new 
attribute  independent  of  the  remaining  PM  1  s . 

The  independent  PM ' s  can  be  weighted  to  indicate  the 
relative  importance  of  the  PM ' s  or  how  many  unite  of  utility  of 
one  is  thought  to  be  equal  to  one  utility  unit  of  another. 

The  utility  function  for  a  given  alternative  (base)  would 
ben  be  qiven  as 


-  or  .  v->  i  "  M 


Mere  cornrle::  utility  functions  are  possible  as  described  by 
Zel  env  however,  in  the  context  of  the  cut  rent  problem  the.  e 
aooears  to  be  no  motivating  reason  to  inti  educe  them. 


St  andar  d  i  ?.  a  t  i  on  _<and_CofnF  ar  i  son _t1oduLc  (  *  I 2 I T  ) 

The  =t  anclar  d  i  cat  ion  and  comparison  module  provides  £ur  th.c 
following  capabilities: 

1.  A  process  for  defining  the  "average"  or  "standard" 
performance  level  for  all  alternatives  as  a  whol e . 

2.  A  process  for  comparing  the  supply  per s or  manes  of 
alternatives  to  the  standard  per  f  or  fiance  fur  ..<11 
alternatives  dividing  the  alternatives  into  tluee 
r- or -for  nance  groups. 

.  Those  alternatives  which  e.hibit 

"statistically  significantly"  above  average 


.  Thane  alternatives  which  exhibit  "statistically 
significantly"  below  average  performance. 

.  Those  a  1  ter nat i ves  which  exhibit  "statistically" 
average  per -for  mane  e. 

3.  A  process  -for  comparing  alternatives  to  each  other  the 
comparisons  being  expressed  as  percentile  differences. 
These  differences  may  be  determined  to  be 

.  Stat i st i cal  1 y  significant 
.  Statistically  not  significant 
Therefore  two  alternatives  may  be  determined  as 

differing  si gn i f i cant l y  in  supply  performance  regardless 
of  where  they  may  rank  relative  to  the  overall  average 
for  all  alternatives,  (i.e.  above  average,  below  average 
or  average  ). 

4.  A  process  for  supplying  confidence  limits  on  the 
performance  indices  and  control  limits  atout  the 
"aver  aar>"  or  "standard"  performance  value. 

The  RIDIT  methodology  was  originally  developed  by  Dr.  Irwin 
D.J.  Pross,  Chief  Statistician  at  Roswell  Park  Memorial  Institute 
ir,  Buffalo.  N.Y.  (7) 

PA  is  a  hybrid  computerized  modelling  technique  comprised  of 
the  throe  components 

.  Utility  Conversion  Module  i  UCM  ) 

.  Multiple  Criteria  Decision  Analysis  ( MCDA ) 

.  St andar d i zat i on  and  Comparison  Module  (PIPIT) 

DA  is  a  ornduct  developed  by  hie  author  and  is  a  ccp'.r  lghte 
P'  cor  i  «jt  ir  •  nrrduct.  The  product  has  been  installed  on  the  I  DM 


4341  at  Gunter  AFB  in  object  code  -form  -for  the  use  of  AFLMC  as 
described  in  this  report.  Because  of  the  proprietary  nature  of 
the  product  no  source  listing  of  the  code  is  supplied  with  this 
report . 

The  DA  product  was  thoroughly  tested  during  the  summer  of 
198**  during  the  author's  t. ensure  at  Gunter  working  on  this 

project  as  a  Summer  Faculty  Researcher.  Appendix  K  contains  a 
sample  output  which  is  described  below. 

The  DA  example  uses  all  bases  in  SAC.  the  comparison  and 
grading  indices  calculated  for  one  PM  only.  namely.  Recoverable 
Stockaae  Ef f ect iveness.  (Variable  22.  Appendix  A). 

Pecal  1  that.  variable  #22  is  one  of  the  variables  in  the 
salient  set  for  SAC  having  an  elasticity  with  MICAP  of  3. £8845  at. 
rotation  ■*  and  a  correlation  with  MICAP  of  .3272  (See  table  2-1 
This  means  that  MICAP  in  SAC  is  significantly  correlated  to 

Recoverable  Stockage  Effectiveness  at  the  ^  -  .  ■  ■  le-.ul  . 
Furthermore  reference  to  appendix  B  indicates  that  for  variable 
#22  the  maximum  negative  correlation  with  MICAP  of  -.3007  occurs 
at  rotation  0  (the  current  oer iod  h 

The  nature  of  the  relationship  between  PM  #22  and  MICAP  that 
would  be  expected  is  that  as  Recoverable  Stockage  Effectiveness 
increases.  MICAP  decreases.  In  the  early  stages  cf  the  model  the 
variables  were  rotated  in  time  seeking  the  strongest  possible 
correlation  with  MICAP  in  order  to  guarantee  tlat  the  regressions 
used  later  in  forecasting  MICAP  showed  the  greatest  possible 
Multiple  Q  and  F  values.  However .  the  maximal l y  correlated 

rotation  of  a  var  i  nbl  e  with  Ml  CAR  ma.  not  be  related  direct  l,  or 


inversely  as  common  sense  would  predict..  The  logical.  common 
sense,  relationship  would  occur  at  rotation  0. 

At  rotation  0  the  correlation  of  variable  #22  with  MICAP  is 
negative.  The  elasticity  value  3.6BS45  indicates  the  maximum 
ratio  of  the  rates  of  change  of  the  variable  and  MICAP  but  not 
necessarily  the  logical  relationship,  direct  or  inverse. 

At  rotation  0  Variable  #22  is  almost  as  highly  negatively 
correlated  with  MICAP  as  it  is  positively  at  rotation  In 

order  to  achieve  an  elasticity  bearing  the  logical  inverse 
relationship  to  MICAP  multiply  the  elasticity  bv  the  ratio  of  the 
correlations  at  rotation  0  and  rotation  4. 

6  '  -  t  •  r<  c  v 


f  ’  r  2  .  U>  ~  —  ’  7 

s  7  / 


^ V*j +■  fo  er.  r  ®V  i  5?d  1  T  i  t  '/  1 
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The  approach  above  can  bo  applied  to  any  variable  which 
during  the  MAJCOM  modelling  stage  was  assigned  a  maximum 
correlation  relationship  antithetical  to  the  expected 
relationship.  The  just  if i rat  ion  of  the  above  stop  i »  as  /oliuwa. 


The  multiple  correlation  coefficiert  P  ii-ditalas  the 


Mi  1  :‘l 


Let  the  regression  model  for  the  straight  line  be  given  as 


Then  the  slope  of  the  regression  straight  line  is  given  as 


k,  •= 


2  U, 


X  -  x  ,  — 


Th?r,  dividing  each  side  by  the  denorn  1  nat  or  in  Eg  3.  1  we  get 


* — ■  «.  *  y  /  —  ■  ‘ 

(  C-  '  ~  »  ;  4  v.  / 


\  , 


From  the  above  we  see  that 


V,  =  •*£  \j  <£-  *  *  <  ~  x  i  2  ^  -  v  i 


r<*. 

which  can  be  rewritten  as 


!  21/  -■> Z! '  i  i 


1  >  ,  -  v  > 


2T  l  x,  -x  ) 


Note  that  the  MICAP  elasticity  to  a  variable  X  as  a  ■function 


o-f  t  l  rue  i  s 


Wtl 


JUl 


0)  to  variable  #22  is  -3.5S560.  Therefore  from  the  corr el  at  ion 
we  infer  that  MICAP  is  strongly  inversely  influenced  by  changes 
in  Pecever able  St ockage  Ef  f sctiveness  and  from  the  elasticity,  we 
infer  that  a  10".  increase  in  Recoverable  Stock  age  Ef  foe  t  i  vti.w. 


will  result.  on  the  average  at  any  base  in  the  MAJCGM,  i.i  a 
15  f,7£9:'.  reduction  in  grounding  incidents.  all  other  salie.-.L 
var  i  ab  1  es  *■  ^-ma  i  n  i  n  g  unchanged . 

The  DA  analvsi  s  ( Append  i::  K)  contains  two  displays,  first  is 
a  table  of  grading  indices  called  PIDITS  appearing  on  the  first 
d’soi  5w  entitled  ”SuKmnat y_Qf._RIDII_CQMRufcatiQna_£ec._SBlecit-J[_ 

Sr  oups._Fq1  lows".  On  this  display  are  list  ed  the  bases  in  SAC. 
in  the  left  hand  column.  and  the  following  statistics  regai' d-v.g 


each . 


ALTERNATIVE  GROUP/ ATTR I  BUTE  GROUP  -  Alternates  are  SAC 
bases  for  the  attribute  group  consisting  of  Variable 
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•VA'-V  r.v,, y.v 


SAMPLE 


The  number  of  non-zero  observations  of 


recoverable  stockage  ef  f  ect  i  veness  -for 
the  twelve  (12)  month  period. 


EXCLUDED 


LCL 


RIDIT 

UCL 


LCNTPL 


-  Upper  number  of  observations  excluded  from 
the  computations. 

-  Lower  35'/.  confidence  limit  on  the  grading 
index  v  a  1 u  e  (RIDIT) 

-  Gr  ad  ing  index,  a  percentile  score 

-  Upper  357.\;  confidence  limit  or.  the 
grading  index  value  (RIDIT) 

-  Lower  control  limit  on  the  average 
RIDIT  of  0.5  which  corresponds  to 
average  value  of  Recoverable  Stockage 
Effectiveness  of  .££68. 

-  Upper  control  limit  on  the  average  RIDIT 
of  0.5. 

.  tt( GT  )  or  it  (LT)  which  indicates  that  the  RIDIT 

grading  index  is  above  or  below  the  upper  or  lower 
control  limit  respect ively. 

The  second  display  is  a  graphic  display  of  the  data 
presented  in  the  SuCDOiany  table.  The  various  statistics  for 
each  base  are  represented  on  the  graphic  display  as  follows 


UCNTRL 


ALTERNATIVE  GROUP/ ATTR I  BUTE  GROUP  -  indicated  along 
the  abscissa.  Note  t  tie  or  der  has  been 
changed  slight!  f  r  om  t  lie  order  in  the 
con.:  vr  t  ..(•  e .  On  the  jr  np 1 .  tin  ,.l!i-r  n.t  i  .u 
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SAMPLE 


(bases)  are  arranged  in  or  der  o-f  decreasing 
sample  size. 

-  Indicated  along  the  abscissa 


LCL  and  UCL  -  Appear  as  a  dotted  limit  around  the 


R I  D I ' 


RIDIT  value 


-  Indicated  by  # 


.  1  CNTRL  and  UNCTRL  -  Indicated  by  *  *  *  ttt.  above  and  below 

0.5  the  average  RIDIT 

The  control  limits  on  the  gr aph  divide  the  bases  in  SAC  into 
three  Recoverable  Stockage  Effectiveness  groups. 

1.  Those  bases  for  which  Recoverable  Stockage 

Ef f ect i veness  is  "Statistically  Significantly" 
above  average.  On  the  gr aph  these  are  indicated 
by  a  #  above  the  upper  control  1  imit  tti  tu.  Or, 
the  RIDIT  Summar y  indicated  by  ♦»(GT). 

2.  Those  bases  for  which  Recoverable  Stockage 


Effectiveness  is  "Statistical! 


y  a  vet  age"  or 


"Statistically  equal"  to  .££.£8  the  average  fur  the 
MAJCOM.  On  the  graph  these-  are  indicated  by  a  # 
between  the  control  limits  i t i  Hi.  On  the  RIDIT 
summary  these  are  not  tagged  as  either  ♦ i.  ( GT  )  or 
tt  < LT  )  . 


Those  bases  for  which  Recoverable  Stockage 
Effectiveness  is  "St  a t  l st  i c a  1  1 y  Significantly" 
below  a. crane.  On  the  graph  these  e  indicated 
bv  a  #  below  t  hr-  l  ower  c .  ..-.ft  o!  limit  Mt  »M.  Go 


•  ho  c' t  D  I  T  ,r  .  these  c,t  c-  det 
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bv  *  >  ai'. 


r  * 


i 


p 
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From  these  DA  displays  a  Management  strategy  tor  Recoverable 
Stock age  Effect iveness  with  SAC  may  be  developed.  Certainly 
those  bases  "graded"  as  below  average  (See  list  below)  should 
seek  to  improve  Recoverable  Stoekage  Ef  feet-  i  veness.  The  bases  in 
SAC  -for  which  an  improvement  Strategy  in  Recoverable  stoekage 
Effectiveness  is  indicated  are  seen  from  Appendix  K  as  following. 

Minot  Wurt smith  Bariesdale 

Plattsburg  Griffiss  Fairchild 

Pease  Blythevilla  Grand  Fork 

Castle  K/I  Sawyer 

The  bases  which  exhibit  above  average  performance  in 
Recoverable  Ftockaae  Effectiveness  are 


Peterson  F/E/Warren 

Anderson  Whiteman 


March 


Beal  e 


Clearly  the  highest, 
is  Anderson  with  a  PIDIT 
is  at  PI atsburg  with 
percent ile  scores  and 
Anderson  performs  95.26* 


scoring  base  on  this 
grade  of  .9776.  The 
a  score  of  .0250. 
mv  subtracted  to  f 
better  than  Plattsb 


I'lcCc.n  c  1 1 
Mai st  rom 
Car  swe 1 1 


per  for  mance  measur e 


poorest  performance 


These  gr  ades  ar  e- 
i  n d  a  d  i  f  *■  er  © n  c  e . 


urg  in  F.ccoverable 


Stoekage  effectiveness. 

Differences  in  performance  between  any  two  bases  may  be- 
computed  similarly. 
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For  a  difference  in  per  for  roan  ce  between  any  two  bases  to  be 
statistically  significant.  regardless  of  their  position  relative 
to  the  MAJCOM  average  the  difference  in  their  RIDIT  scores  must 
be  greater  than  the  absolute  difference  between  0.5  and  either 
control  limit,  namely  .0833  or  8.33%. 

In  addition  to  comparing  bases  within  a  MAJCOM,  entire 
MAJCOM's  can  be  compared  with  respect,  to  a  single  PM  or  groups  of 
PM  ’  s .  Appendix  L  contains  the  displays  discussed  above  compar  i;,g 
the  MAJCOMS  with  respect  to  performance  in  Recoverable  Stockage 
Effect i veness. 

The  results  indicate  that  SAC,  TAC  and  ATC  all  perform 
"St  at  i  st- i  cal  l  v  Significantly"  below  average  for  the  Air  rorce  as 
a  whole  as  represented  by  the  MAJCOM' s  included.  The  AF  wide 
averaae  for  Recoverable  Stcclcage  Ef  f  ect  i  venss  is  .533  3, 
correspond i rg  to  the  average  RIDIT  value  of  .5000. 

Similarly  it  can  be  seen  that  USAFE .  MAC,  PACAf  and  AAC 
exhibit  above  average  performance  in  Recoverable  St-ockage 
Ef f ect i veness. 

Also  no  MAJCOM  is  average  ir.  this  regard,  but  all  are  either 
above  average  or  below  average. 

Many  other  evaluations  were  run  during  the  course  of  the 
research  using  individual  PM ' s  and  groups  at  FM ' s  as  attributes 
and  bases  MAJCOMS  and  weapons  systems  as  alternatives.  An 
abbreviated  list  of  some  DA  analyses  that  were  accomp 1 i shed 
appears  below. 


Bases  ir  all  MAJCOMS  with  respect,  to 


Recoverable  Stockage  Effectiveness 
EOQ  Stockage  Effectiveness 
Recoverable  Issue  Effectiveness 
EDO  Issue  Effectiveness 

MAJCOMS  with  respect  to 

Recoverable  Stockage  Effectiveness 
EDO  Stockage  Effectiveness 
Recoverable  Issue  Effectiveness 
EDO  Issue  Effectiveness 

Weapons  Systems  in  SAC  and  TAC  with  respect  to 
Recoverable  Stockage  Effectiveness 
EOQ  Stockage  Effectiveness 
Recoverable  Issue  Effectiveness 
EOQ  Issue  Effectiveness 

Bases  in  all  MAJCOMS  with  respect  to 
Effectiveness  Measures 
Repair  Cycle  In  format,  ion 
Activity  Measures 

MAJCOM's  with  respect  to  all  performance 
measure  categories 

Weapons  Systems  in  SAC  and  TAC  with  respect  to 
selected  performance  measure  categories 
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Clearly  DA  provides  a  virtually  unlimited  number  of  ways 


grade  supply  performance  providing  management 
flexibility  at.  a  detailed  level  or  macro  level. 


visibil i t  y 


'*»( 


CHAPTER  4 


MANAGEMENT  SUMMARY 


CONCLUSIONS  AND  RECOMMENDATIONS 


Managements  u  ramsc.  r 

The  overall  model  described  in  t-his  study  is  a  hybrid 
involving  the  clustering  o-f  PM '  s  by  MAJCOM  to  find  a  salient  set, 
forecasting  o-f  MICAP  by  base  within  MAJCOM  using  a  robust 
regression  model  and  the  deterruinat ion  o-f  indices  to  measure 
di f f erenc ies  in  supply  performance  between  bases,  MAJCOM 'S  and 
weapons  systems  with  respect,  to  any  one  or  more  of  the  PM  s. 

At  this  point  a  summary  of  the  management  import  of  the 
results  is  in  order,  since  the  overriding  purpose  of  the  study  is 
to  sudoIv  results  thr.t  can  be-  translated  into  management  atr  ate  gy 
at  tho  h  see  or  MAJCOM  lo\sl  to  maximise  mission  capability. 

The  implications  for  MICAP  management  are  as  follows 

1.  The  determination  of  a  "Salient."  set  of  PM '  s  for 
each  MAJCCM  which  form  the  "management"  set  of 
PM ' s :  those  that.  because  they  are  statistically 


significantly  highly  correlated  to  M I CAP 


t  il  O  _  L 


which  if  managed  proper  ly  will  have  the  greats,  si. 


crt-C  • f  r-i  r  +•  o  r\ 


O'-  operational  capability. 


Tr-  rant-  order  the  PM  categories  in  descending 
order  of  average  absolute  elasticity  of  the  member 

°M ‘ s  with  MICAP.  This  step  supplies  Air  Force 

b  st  or  MAJCCM  level  manager  s  with  a  macro 

ma  -.a gement  tec-1  in  the  To:  mat  o-f  a  i  ant. 


eerier  rd  list  o-f  sixteen  (16  lor  fewer  categor  les  or. 
which  to  focus  management  attention  and  effort  in 
descending  rani:  order  of  total  impact  on  MICAF'. 

To  ran  I;  order  the  PM  '  s  Mi  thin  a  categor  y  in  rank 
nrc1er  of  elasticity  with  MICAF',  thus  Oi.ce  a 

category  is  identified  as  having  high  impact  on 
MICAF',  this  step  provides  the  .ariables  to  be 

managed  in  descending  rank  order  of  impact  on 

HI CAP. 

MICAP  can  bo  forecast-  by  base  within  MAJCDrl  using 
a  robust  regression  model  and  the  same  ’'salient" 
set  of  varieties  for  each  base. 

The  ability  to  grade  the  supply  pei  forma  nee  of 
hf.sss  and  MAJCOMS  with  respect  to  the  F  fi 

categories  and  individual  PM  s  within  a  categor 
already  r  anhed  by  impact  on  MICAF.  To  Jen.  e.  mine 
which  bases  and/or  MAJC2.MG  regoi.u-  i-On^L-mciit 
attention  due  tc  statist  i  cal  1  y  sign  i  f  icantl  y  below 
average  supply  performance.  This  step  proviaes 
the  f  cedb.sc’:  co-trol  rnechanisfii  to  aid  ma.,agemc  ..  t 

/  O  :  I  tr  J  .  t  1  t  i  tZ*  3 


cus  i  ng  at  ter  t  i  on  or,  1 


sa 


Con  C  1  n=  i  Q'-|  = 

It  appears  to  be  possible  to  develop  reasonably  robust 
models  to  determine  "Salient  sets"  of  PM  ‘  s  far  MAJCQM  3  that  have 
high  impact  on  MICAP.  to  rank  or der  these  PM  '  s  by  impact  on 
MICAP.  Furthermore.  MICAP  can  be  predicted  by  base  using  a  set 
o-f  robust  regression  mode!  5  to  a  reasonable  degree  of  accuracy 
provided  the  forecasts  are  short  term. 

Using  the  DA  algorithm  indices  can  be  developed  with  which 
to  "grade"  the  o®r  f  or  rnance  of  supply  accounts  with  respect  to  o,,e 
or  more  of  the  PM ‘ s  in  a  MAJCOM  "salient  set". 

To  make  the  results  presented  in  this  study  generally  useful 


at  the  base  level  corns  integral  i: 


j  l  i  UT  ilia 


.  ar  lulls  components 


would  b1--  necossar 


Par  omme  ••  d  1 1 


A=  stud-  proceeded  there  were-  a  number  of  places  m  the 


development  at  which  alternative  methods,  procedures, 


'  e 1 s  ci 


s  i  qr  i  f  i  cancr-  and  parameter  settings  were  left  flexible  and 
capable  of  manipulation  and  change.  It  is  not  possible,  in  light 
of  the  number  of  possible  outcomes  these  flexibilities  pi  o» ide. 
to  assert  with  certainty  that  the  outcome  described  above  i.. 
detail  1 =  the  "be it "  of  all  possible  outcomes.  i though  -t  uus_ 


seem  sati=frict' 


I  c  t  h e  cur  r  en t  me  t  hud c  \  eg  ,•  i  ^  JurmiL  t  *  ■  / 


of  continued  -•  sr  ut  n  /  .  a  iv.mts*  of  these  alter  • .  i  i  .  e  Out  comes 
should  be  eiols-oi. 


The  net; ire  of  this  effort  being  pure  research  performed  in  a 


limited  length  o-f  time,  mitigated  against  neat  integrated 
packaging  of  the  results.  Once  alternative  outcomes  have  been 
explored  and  the  inevitable  improvements  which  will  result  are 
made  to  the  overall  model .  the  methodology  can  be  integrated  and 
packaged  in  such  a  way  as  to  be  useful  at.  the  base  level  for 
strategic  management  of  supply  performance  and  operational 
capab 1 1 i tv . 
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Investigating  the  Linkages  Between  Family  Factors  and 
Job  Attitudes  in  the  Air  Force 


Philip  Lewis,  Ph.D. 

Auburn  University 

The  research  conducted  under  this  Research  Initiation  Program 
subcontract  is  divided  into  three  sections.  Each  reports  on  the 
investigation  of  one  facet  of  the  work-family  interface  in  the  United 
States  Air  Force.  The  first  section  focuses  on  the  relationship  between 
family  factors  and  the  career  intent  of  Air  Force  officers  and 
supplements  work  done  by  the  principal  investigator  on  family  factors  and 
tne  career  intent  of  Air  Force  enlisted  personnel.  Important  differences 
between  tne  dynamics  of  career  intent  for  officers  and  enlisted  personnel 
are  noted. 

The  second  section  focuses  on  the  impact  of  women's  changing  work 
and  marital  roles  on  their  attitudes  toward  the  Air  Force.  These 
attitudes  are  considered  important,  since  they  have  been  shown  to  be 
significant  predictors  of  their  Air  Force  husbands’  career  intent. 

The  final  section  of  this  report  focuses  on  the  dynamics  of 
perceived  stress  ana  satisfaction  of  the  wives  of  enlisted  Air  Force 
personnel.  Both  environmental  factors  and  personal  attributes  of  the 
wives  whicn  are  predictive  of  perceived  stress  and  satisfaction  are 
noted.  Tnere  was  also  evidence  that  the  level  of  stress  experienced  by 
these  wives  and  their  satisfaction  with  the  Air  Force  are  predictive  of 
tne i r  husbands'  satisfaction  with  their  Air  Force  careers. 
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F  ami  !  y  ca.;tar^  and  Jjtj  Alt  1 t  udeS  in  the  Air  Force  i: 

Predicting  Career  intent  of  Air  Force  Officers 

Philip  Lewis  and  Dorothy  Winther 
Auburn  Un i vers i ty 

!.  INTRQDUCT ION .  Mowday,  Porter,  and  Steers  (1930)  identified  numerous 
w  ;!■«.- rL- !  ated  factor^  (e.g.,  job  enr  i  cnment ,  job  stress,  ambiguity)  which 
influence  career  intent  in  a  variety  of  employment  settings.  Recently, 
however,  researchers  nave  begun  to  consider  fami ly  variables  along  with 
non- family  factors  m  order  to  predict  career  intent.  Lewis  (1935)  found 
tnjt  family  variables  such  as  compatibility  of  wo r<  schedules,  length  of 
marriage,  number  of  children,  the  spouse's  view  of  the  Air  Force, 
stressf u  1  ness  of  Air  Force  life  for  the  family,  and  Air  Force  member's 
job  Stress,  as  perceived  by  the  spouse,  were  significant  predictors  of 
career  intent  among  enlisted  Air  Force  personnel.  Tne  purpose  of  this 
i nve > t i gat i an  is  t a  explore  tne  influence  of  family  variables  on  the 
.  fee'  '•  •ite’it  A  ;  officers.  it  f  i  ant  i  ;  i  pat--o  tint  to..-  ‘  a  i  i  1  y 

stressors  influencing  career  intent  among  officers  will  differ  from 
those  predicting  career  intent  of  enlisted  personnel. 

II.  METHOD .  The  data  base  utilized  for  this  investigation  consisted  of 
11/U  Air  Force  members  and  their  spouses  who  were  participants  in  a 
census  survey  of  certain  large  Air  Force  organi zat ions  (e.g.,  an  entire 
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completed  '.he  Urgani zat i jna !  Assessment  Package  (JAP),  a  questionnaire 
designed  to  ineasure  wor k - re  I ated  attitudes.  Subsequently,  their  spouses 
completed  trie  Air  Force  Kami  1/  Survey  (AFFS'  wnicn  was  developed  to 
assess  attitudes  concerning  a  variety  of  topics  including  involvement  in 
the  Air  Force  lifestyle,  marital  satisfaction,  career  and  marital  role 
orientation,  and  fami ly  stress. 

For  purp  ;■>.?•>  jf  tne  current  investigation,  1  subs ample  of  Air 
Fjr.e  0:  *  1  >  and  tneir  wwes  (N  =  164)  was  drawn  from  the  larger  data 

base.  Subjects  wno  indicated  that  they  were  expecting  to  retire  within  a 

year  or  who  were  married  to  another  Air  Force  member  were  eliminated 
from  the  subsample  since  tneir  perceived  career  intent  was  expected  to 
3  •  *  r  -e  r  from  the  remainder  or  the  sample.  Given  tnese  exclusion  criteria, 
tne  sample  was  reduced  to  a  subset  of  73  matched  pairs.  Because  of  the 
small  sample  size,  results  generated  from  this  study  must  be  interpreted 
with  caution  and  broad  genera ! 1 zat ions  avoided.  Results  herein  can  only 
suggest  certain  trends  in  the  data  with  more  conclusive  evidence  coming 
£rpin  future  studies  m  this  area. 

.  n  jt '  •'  t  j  I1.  >  t  >  >  the  ability  a  r  .••'tain  *  a "  1  .  y  v  a r  .  a  S  s  t  a 

predict  career  intent,  a  multiple  regression  analysis  was  conducted.  Tne 

predictor  variables  were  12  AFFS  factors  identified  in  a  previous  factor 
analytic  study  (Lewis,  L  93  5 )  .  These  factors  included  (a)  Air  Force 
member's  job  stress,  (b)  stress  of  Air  Force  life  for  the  family,  (c) 
marital  satisfaction,  (d)  positive  view  of  tne  Air  Force,  (e) 
sensitivity  of  Air  Force  to  family  needs,  (f)  commitment  to  the  Air 


force  1 1  testy 1  •* ,  (  g )  voouse  *s  career  or  lent  on  on,  (n)  family 
di  sen  gagement ,  t 1  )  social  isolotion,  and  ( j  )  nelp-seekmg  .attitudes. 
Additional  predictors  were  the  compatibility  between  the  marital  pairs, 
three  dummy  coded  variables  representing  family  life  cycle  Stage  (i.e., 
those  families  with  preschool,  school  age,  or  adolescent  children),  and 
seven  demographic  character i st ics  (i.e.,  TOY  frequency,  TOY  length, 
length  of  marriage,  living  location,  educational  level,  number  of 
Children,  and  imiunt  )f  time  Spent  doing  volunteer  work). 

1 ne  criterion  variable  for  the  analysis  was  the  Air  Force  member's 
stated  career  intent  (item  16  from  the  OAP ) .  In  order  to  assess  the 


r/.y, 


influence  of  tne  AFF3  variables  in  predicting  career  intent-,  each 
predictor  was  entered  into  the  model  as  if  it  were  entered  last  and, 
thus,  jiijw-.l  tne  influence  of  each  predictor  after  the  offsets  of  all 
otner  predictors  had  been  accounted  for.  f 


111.  KESULTS.  The  ability  of  the  23  variables  to  predict  career 

,2 


intent  among  tne  Air  Force  officers  was  relatively  Strong  (A  =.49). 
However,  only  twu  of  the  variables  were  able  to  improve  the?  predict  ion 
of  career  intent  tu  a  statistically  significant  degree  overt  the 
pred  ,  f  •  i-:  ibi  :  t  y  jt  1 '  ■  jth-v  pi'edi.f;r  ,  in  tik--n  tog.*!  iv.-r  . 

first  significant  predictor  was  that  of  spouse  independence, 

F(  1 ,54  )  =  5 .02 ,  p=.03.  Air  Force  officers  with  independent  v*i  ves  were 
likely  to  indicate  less  commitment  in  continuing  their  career  with  the 
Air  Force  than  were  officers  with  more  dependent  wives.  The  second 
variable  having  a  significant  impact  on  career  intent  was  that  of 
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n.i'T'ijge  lengtn,  ?  ( 1 ,54  )=4  .03  ,  £=.05.  Tne  longer  the  coupie  was  named 
tne  more  1  i  <e !  y  tne  inember  was  to  continue  his  Air  Force  career. 

IV.  I MP  L I C A  7  IONS .  Together  with  findings  from  an  earlier  investigation 
(Lewis,  1885)  wnere  it  was  possible  to  predict  the  career  intent  of  Air 
Force  enlisted  personnel  from  certain  family  factors  and  spouse 
attitudes,  the  present  findings  for  Air  Force  officers  lend  further 
support  to  the  general  notion  that  farm  ly  variables  are  importantly 
related  to  tne  career  intent  of  Air  Force  personnel  .  Yet,  the 
differences  in  tne  findings  fjr  officers  and  enlisted  personnel 
underline  tne  importance  of  viewing  fami ly-work  linkages  for  the  two 
groups  separately.  Previous  research  with  the  wives  of  enlisted  Air 
Force  personnel  highlighted  the  important  role  of  family  size,  work 
scnedjl-a  compat  i  b  i  I  i  ty  and  tne  perceived  stressful  impact  of  Air  Force 
life  on  the  Air  Force  member's  career  intent.  In  contrast,  the  only- 
important  predictor  for  tne  career  intent  of  officers  was  their  wife's 
level  of  independence.  Officers'  wives  who  indicated  that  they  nake 
personal  and  family  decisions  by  themselves  are  mure  luely  to  have 
husbands  whose  career  intent  is  lower  than  that  of  those  officers  whose 
w  ves  i’'e  1  e  .  >  "fn  dependent  ."  Altnnugn  tn-;  , '  1  s.*  n,.,  1 ...  ,  *  ar 

officer/wife  pairs  makes  interpretat ion  of  these  differences  a  bit 
risky,  it  appears  that  the  career  intent  dynamics  of  Air  Force  officers 
is  related  to  wife  personality  and  family  structure  variables  to  a 
greater  extent  than  is  the  career  intent  dynamic  of  enlisted  personnel. 
For  the  latter  group  various  stressors  (e.g., family  size,  perceived 
stressful  impact  of  Air  Force  life)  seem  more  important  with  regard  to 


programs  in  tne  A;r  Farce  that  ire  targeted  toward  enlisted  personnel 
and  their  f am  lies  which  are  based  on  the  experiences  of  officers. 
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INTRUDuCT 1UN  The  classical  view  of  Military  life  is  that  a  person 
does  not  "take  a  job"  in  the  military.  Rather,  he  or  she  "joins"  the 
military,  becoming  a  part  of  a  community  and  lifestyle  that  assumes  a 
central  role  in  one's  life  and,  if  narried,  the  life  of  one's  family 
(Carr,  Orthner,  &  Brown,  1980).  Although  this  military  lifestyle  can 
have  its  own  special  rewards ,  it  can  also  make  special  demands, 
o  art  icu  1  jr  ly  on  those  with  f  an  !  »  .  temp  or  ary  Juty  assignments 

away  from  home  (TUYs),  frequent  moves,  combat  alerts,  etc.,  the  spouses 
of  military  personnel  are  often  expected  to  adapt  their  own  personal  and 
vocational  interests  to  the  demands  of  military  life.  Spouses  (typically 
wives)  may  have  to  assume  full  responsibility  for  household  chores  and 
child  care  during  extended  TUYs,  and  relinquish  jobs  to  move  with  their 
spouses  to  remote  or  fore'qn  duty  locations  where  their  own  job 
opportunities  may  be  limited.  Further,  in  fulfilling  the  role  of  an 
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officer's  wife  one  is  often  expected  to  take  on  volunteer 
responsibilities  connected  with  their  husband's  career  (Finlayson, 

1976). 

Because  these  multiple  demands  are  expected  to  be  less  burdensome 
for  a  non-working  wife  who  sees  her  marital  role  as  that  of  a  homemaker 
supporting  her  husband's  military  career  than  they  are  for  working, 
career-oriented  wives,  there  has  been  some  concern  about  the  impact  of 
tne  changing  roles  of  women  in  American  society  on  the  support  of  Air 
Force  wives  for  their  husbands'  careers.  American  women  are  increasingly 
likely  to  be  employed  full  time,  view  their  own  careers  as  important, 
and  marriage  as  a  partnership  between  equals  (Bernard,  1981).  These 
changes  have  raised  fears  that  these  “new  women"  will  be  less  involved 
in  and  less  supportive  of  military  life,  with  a  resulting  negative 
impact  on  the  career  commitment  of  their  military  husbands. 

Are  these  fears  warranted?  Do  the  wives  of  military  personnel  wno 
work  and/or  who  have  a  more  "modern"  view  of  marital  roles  in  fact  have 
a  less  favorable  view  of  the  military?  And  are  they  less  involved  in  the 
military  lifestyle?  Although  a  number  of  hypotheses  are  possible,  the 
qualitative  literature  suggests  that  it  is  the  non-working, 
traditional ly  oriented  wives,  and  those  who  do  not  see  their  own  career 
as  important  who  will  have  the  most  favorable  attitudes  toward  the  Air 
Force  and,  concomitantly,  will  be  the  most  involved  in  the  Air  Force 
lifestyle.  They  presumably  have  the  time  to  be  more  involved  in  Air 
Force  life  than  their  modern,  career-oriented ,  working  counterparts. 

With  regard  to  their  attitudes  toward  the  Air  Force,  the  demands  of  Air 


Force  life  (frequent  moves,  TQYs,  etc.)  are  expected  to  be  less 
disruptive  of  the  dominant  roles  of  the  traditional  wives  (wife  and 
homemaker)  tnan  they  are  of  those  wives  who  work  and/or  see  a  career  as 
an  important  part  of  their  identity. 

Another  question  concerns  the  extent  to  which  the  changing  roles  of 
women  may  have  a  different  impact  on  the  wives  of  enlisted  personnel 
than  they  do  on  officers'  wives.  Because  of  the  status,  education,  and 
income  differences  between  officers  and  enlisted  personnel,  it  is  quite 
possible  that  different  patterns  of  results  will  be  found  for  these  two 
groups.  In  addition,  the  greater  role  that  officers'  wives  are  expected 
to  play  in  their  husbands'  careers  may  leave  tnem  with  less  time  to 
pursue  a  career  and  may  affect  their  attitude  and  level  of  involvement 
in  a  manner  somewhat  different  from  that  of  the  wives  of  enlisted  Air 
Force  members.  Accordingly,  the  relationships  among  attitude  toward  and 
involvement  in  the  Air  Force  and  the  wife's  employment  status,  career 
orientation,  and  marital  role  orientation  will  be  examined  separately 
for  officers  and  enlisted  personnel  in  the  present  study. 

II.  METHOD  The  sample  was  drawn  from  a  large  data  base  consisting  of 
1170  Air  Force  members  and  their  spouses  (14%  officers  and  34%  enlisted 
personnel)  who  were  participants  in  a  census  survey  of  four  different 
air  bases  in  the  continental  United  States.  Initially,  the  Air  Force 
member  completed  the  Organi zat tonal  Assessment  Package  (OAP),  a 
questionnaire  designed  to  assess  work-related  attitudes  (Short,  1985). 
Subsequently,  their  spouses  completed  the  Air  Force  Family  Survey  (AFFS) 


wmch  was  developed  to  measure  attitudes  concerning  a  variety  of  topics 
influential  in  family  adjustment  to  the  Air  Force  lifestyle  and,  in 
turn,  on  the  perceived  satisfaction  and  commitment  of  the  Air  Force 
member  (Flannery  &  Dansby,  1985). 

[n  an  effort  to  test  the  effect  of  a  spouse's  employment  status, 
career  orientation,  and  marital  role  orientation  on  her  attitude  toward 
the  Air  force  and  on  her  involvement  in  the  military  lifestyle,  two 
samples  were  drawn  from  the  larger  data  base.  The  first  sample  consisted 
of  311  enlisted  men  and  their  wives.  The  second  sample  consisted  of  135 
male  officers  and  their  wives.  Information  regarding  Air  Force  tenure, 
educational  status  and  career  intent  of  the  Air  Force  members  are 
presented  in  Table  1.  The  demographic  characteri si cs  of  the  wives  of 
these  Air  Force  members  are  presented  in  Table  2  with  data  presented 
separately  by  employment  status.  The  ages  of  the  wives  of  the  enlisted 
subsample  ranged  from  15  to  50;  for  the  officers'  wives  the  ages  ranged 
from  20  to  52.  It  should  be  noted  that  due  to  the  small  sample  size, 
especially  in  terms  of  the  subsample  of  employed  officer  wives  (N=37), 
results  should  be  interpreted  with  caution. 

All  analyses  examined  two  dependent  measures.  The  first  dependent 
variable,  a  factor  labeled  "attitude  toward  the  Air  Force,"  consisted  of 
the  sum  of  six  AFF5  items  (2,  5 ,  7 ,  18 ,  26 ,  &  32 ) .  A  second  dependent 
neasure,  "involvement  in  the  Air  Force  lifestyle,"  was  derived  from  the 
>um  of  jeven  AFFS  items  (1,  3,  4,  6,  9,  11,  &  47)  with  the  last  item 
being  reverse  scored.  Both  dependent  measures  were  factor  scores 
identified  by  _ewi s  (198b)  in  earlier  research  with  the  AFF5. 
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Table  1 

Air  Force  Tenure,  Educational  Status  and 
Career  Intent  of  Air  Force  Members 


Status 

Male  Enlisted 

Male  Officers 

(M=aii ) 

(N  =  135 ) 

Twelve  Years  or  more 

of  Air  Force  Service 

48% 

49% 

■V- 

In  Present  AF  Career 

>>>: 

Field  for  36  months 

or  more 

69% 

M 

Stationed  at  Current 

4  Mi . .  i  | 

Base  for  36  months 

tv 

or  more 

54% 

tVv 

Earned  Col  lege  Degree 

16% 

J  1:  '  > 

Earned  Graduate  Degree 

5% 

TO 

Career  Intent* 

V> 

"will  continue" 

43% 

.  %  * 

> “V, 

W>, 

U  Mi 

"wi  1 1  most  likely 
continue" 

"may  continue" 

19% 

16% 

• 

"wi  1 1  most  likely 

5? 

not  continue" 

6% 

.  V.  - 

• 

"will  separate/ 

V 

>■ 

V 

terminate" 

5% 

Kv;% 

r-#,t 

56% 

37% 

53% 

47% 

60% 

22% 

12% 

6% 


♦Since  the  current  study  was  concerned  with  factors  bearing  on 
the  retention  of  Air  Force  personnel,  individuals  within  one  year 
of  retirement  were  not  included. 
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!•'  iuCer  i  Are  H  l  no  j  y .  -  d  a:1  ' 
jf  Ai  •"  -  jr.;e  M,-  i  :>.>■'  ,  * 

!  jui-np  :  yed  *  '  j-i  ■> 

Employed  Wives  of 
Enlisted  AF  Members 
( N  =  3  3 1  ) 

Unemployed  Wives  of 
Enlisted  AF  .Members 
(N  =480 ) 

Married  Between  One 
and  Four  Years 

27% 

28% 

Completed  H ;  j n  School 

4b% 

51% 

.1)  >n\’  1  '  -i  j'4 

'  >  j  Vi  in 

O'  } 

)  5> 

33% 

C  J^p  •  mu  Co ’  !  -go 

12% 

12% 

Graduate  Degree 

10% 

5% 

At  ..east  One  Child 
_  'vmg  at  Home 

59% 

31% 

At  _ea-.>t  Jne  ^rescnool 
Child  Living  at  Home 

37% 

56% 

Employed  Wives  of 

AF  Officers  ( N  =  3  7 ) 

Unemployed  Wives  of 
AF  Officers  (N=93) 

Mamed  Between  Jne 
and  Four  Years 

27% 

25% 

Completed  College 

33% 

35% 

jr  iduate  vejr'ee 

25  % 

4% 

At  Least  One  Child 

Living  at  Home 

43% 

70% 

At  Least  One  Preschool 
Child  Living  at  Home 

11% 

45% 

♦Wives  who  were  .i  1  s o  Air  Force  members  were  not  included  in  the 
current  study,  since  tneir  attitudes  toward  and  support  of  the 
Air  Force  could  be  expected  to  be  heavily  influenced  by  their  own 
employment  experiences. 


46-12 


.  1  n*'  I  <’  j'i  j  '  >  t.  1  >*  * 'V:  •  •  *j-iL  ^  l  3  L  iS  Of  1'iO 

wi  ves  (  enp oy-i-i  v.»-ijs  i  ,  on-,  *  jr  *  vk  i  ng  (  AFFS  item  *134) 

or  not  working  (AFFs  item  *132),  inj  two  factor  scores  from  the  AFFS, 
career  orientation  and  marital  role  orientation  (Lewis,  1985).  Career 
orientation  was  represented  by  the  sum  of  three  items  (24,  43,  4  44), 
and  .marital  role  orientation  was  the  sum  of  two  items  (45  4  46).  Career 
orientation  is  the  wife's  attitude  toward  working.  T ne  AFFS  item  with 
the  nignest  loading  on  this  fact  ar  ( *44  )  states  "In  our  family,  it  is  Ok 

*  ;r  t  n»*  wi  *e  to  w outs  i  V*  t  n  >.i-  •;«  ,"i  '*  it  'Sn't  an  absO  1  u'  •? 
financial  necessity."  Marital  ••jle  ii'ientation  is  tne  wife's  view  _>*  the 
preferred  role  relationship  between  spouses,  tne  item  witn  the  rngner 
loading  on  tins  factor  ( f  4p )  is  stated  in  a  way  which  reflects  a 

*  '•  a d  •  t  i  .Da  ’  n  s r  1 1  a  ’  '■.)!•'  ;r  l  -an  t  a’  i  an  :  "  '  ne  n  b  an  j  ,n  1  J  na  ve  tne  "ini’ 
word  m  rest  jt  tne  important  decisions  in  our  family."  For  tne  wives  of 
enlisted  Air  Force  members,  the  correlation  between  career  orientation 
and  marital  role  orientation  was  -.04.  -or  tne  u*’ i  c-*r  s  1  wives,  '.’la 

c or  re  1  at i on  was  - .  19  . 

cor  the  enlisted  Subs  ample  career-  or  i  en  t  at  i  an  was  1 1 '  f  er'en  r  '  a  t  eg 
nr  ,  twj  gr  juos  .  w'v-s  wtn  a  n  an  v  • 

;n  =  54o)  were  defined  as  tnose  responding  to  ail  tnree  AFFS  items  witn 
"sligntly  agree,"  "moderately  agree,"  or  "strongly  agree."  Wives 
endorsing  responses  of  "strongly  disagree,"  "moderately  disagree,"  or 
"slightly  disagree"  on  all  three  AFFS  items  were  defined  as  having  a  low 
or  negative  orientation  toward  pursuing  a  career  ( N  =  5  4  ) .  Spouses  taking 
a  neutral  stance  of  "neither  agree  nor  disagree"  were  eliminated  from 
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iaa  •  yse->  a  i  .  “-if  i  ta .  rj  It-  orient  n  ion  *3  ■,  ]•_•  :  aeil  :o  a  st.m  ,  ar 
fasmon  wi  tn  re^pan^e  ■>  of  "si  i  gut ' y  agree"  to  "st-'jng’.y  agree"  on  both 
items  represent  1 ng  a  traditional  orientation  toward  marital  roles 
(N=363),  and  responses  of  "strongly  disagree"  to  "slightly  disagree" 
defining  a  more  modern  orientation  ( N = 26  L  ) .  Aga 1 n ,  those  responding  in  a 
neutral  manner  (i.e.  "neither  agree  nor  disagree")  were  ommited  from  the 
analyses  (N=137 ) . 

Because  of  the  small  sample  of  officer  wives,  career  orientation 
an j  marital  role  orientation  woe  treated  somewhat  differently  than  m 
the  enlisted  subsample.  In  tins  case,  high  and  low  career  orientation 
and  ruder n  and  traditional  marital  role  orientation  were  defined  by  a 
median  split.  Subjects  scoring  greater  than  13  on  the  careen  orientation 
*  ;  to'  ;  V ..  )b  ,  were  Je*'  lae.J  a,  oemg  tugn’y  lutwated  toward  a  .career, 
wmle  those  scoring  13  or  less  ( N  =  30 )  were  considered  to  nave  a  low 
orientation  toward  a  career.  Similarly,  a  score  of  9  or  above 
represented  a  mare  traditional  orientation  toward  marriage  (N=54),  and  a 
score  of  3  and  below  represented  a  more  modern  orientation  (N=31). 


III.  BESUtTS  T  ne  f  i  •* ,  t  gu^’ice  of  in  i '  y  1-’ i  ’  t  w'th  Vij  .  jbs  a “ 
enlisted  wives.  Two  independent  one-way  analyses  of  variance  (ANOVAs) 
were  performed  to  assess  the  relationship  between  a  wife's  employment 
status  and  her  involvement  in  the  Air  Force  lifestyle  as  well  as  her 
attitude  toward  the  Air  Force.  The  analyses  indicated  no  significant 
differences  between  employed  and  unemployed  wives  in  terms  of 
involvement,  but  a  significant  difference  was  found  in  terms  of  attitude 
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■  *  •  .  •  ■  ■  -  .t  ,  :  :  1  ,  -,‘N  i  -  j  .  'S  ,  p -  .  Jn  .  T  n.j  ,f.np  '  oye.1  wives  of 

.•••:  ■•  -  ;r.M  s..- 1 0e  •' >  :i  a  ve  i  'Vji  i  j.j-,  ■  t  i  ve  view  af  trie  Air  Force 

'.'Un  d )  Inc  unemployed  wives  ('4=27.39). 

-  sub >eg vent  step  in  the  analyses  involved  conducting  separate 
t«:-w iy  ;no»'A>  to  investigate  the  effects  of  career  orientation  and 
•i  arita'  ro’e  ar  tent  at  ton  on  attitude  toward  and  involvement  in  the  Air 
"*r;e.  !n  terms  jc  attitude,  significant  na  i n  effects  were  found. 

-  -  ;  i  ’•  :  n ;  i- )’  ■  ent  i;  i-n  ,  ►  C  1,644  )*4 .41  ,  p  =  .  ,)4  ,  those  wives  if 

«•  -..••••• ,  w’  ft  i  t  gh  :  ar...fr  orient  at  i  dm  nad  a  -no  re 

-  at*.  •  t  vde  tjwu-f  tne  A;-  *  jrce  (4=23.42)  than  did  those  with  a 

jr -ent  it  ion  ; 4  =  2d . o 7 ) .  w'ves  with  a  traditional  marital  role 
■  t  it  '  j"  w-'-e  it, re  favjrable  towards  tne  Air  Force  (M=23.34  )  than  the 
:  «  .  t  t  ■>  •  ri,  *ir  ;  t  1 1  r  j !  e  orient  at  'on  (M=2p.ob). 

t  n  »r  p  i  t  f  e  r  n  of  results  was  similar,  neither  career  orientation, 

~;f  :  a '  r  p : ;r-  i  ent  at  i  an  ,  njr  the  interaction  between  the  two  was 
,■  *  ;  i"t  y  r.. :  ji.,  j  *  j  mvo’  ven.rnt  . 

•/'.v  ma  y,e.  performed  m  order  to  assess  miore  precisely 

V’**  *.  *  !■  -!•"!,  r.g  .yip  ’  Dyed  and  unemployed  wives  of  enlisted  Air 

.  .  :•  np  ’  e  ,  •  w  is  ”  ,n  /.  >■  ;t  ;  fr 

,r  lent  at  '■  ,n ,  marital  role  orientation,  and  the  interaction 
between  tne  two  affected  neither  attitude  toward  the  Air  Force  nor 
involvement  in  its  lifestyle.  Additionally,  reasons  for  working  were  not 
f  ejnd  tv  he  significant  predictors  of  attitude.  However,  the  reasons  for 
warning  proved  to  be  i  significant  predictor  of  involvement, 

'rj  n ,  \‘il )- 2  .  2d  ,  p=.04.  The  wives  who  reported  being  more  involved  in  the 
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v.r  r  )t\;e  commjuity  tended  to  lie  tnose  ^'0  worse  1  to  make  iSe  of  their 
free  time  (M=39.57),  those  who  wanted  to  •■n.nutain  or  use  tne  i  r  skills 
(M=J7.50),  and  those  who  want  to  earn  extra  money  (M=37.J9).  Women  who 
worked  for  personal  and  professional  fulfillment  tended  to  be  least 
involved  (M=33.46),  followed  closely  by  those  who  worked  for  financial 
necessity  (M=3J.9S)  and  those  who  indicated  they  would  rather  work  than 
be  at  home  ( M= 34 . 73 ) . 

To  answer  the  question  of  whether  or  not  the  working  wives  having 
varying  narital  role  orientations  and  career  orientations  worked  for 
different  reasons,  two  separate  one-way  ANOVAs  were  performed.  Results 
indicated  that  neither  marital  role  orientation  nor  career  orientation 
significantly  predicted  the  wives1  reasons  for  working. 

Comp  ir  1 1)  1  e  analyses  were  conducted  on  toe  •.ubsanp'e  of  unemployed 
wives.  Two  separate  two-way  ANOVAs  were  performed  to  determine  the 
effects  of  career  orientation,  marital  role  orientation,  and  their 
interaction  on  involvement  and  attitude.  No  significant  effects  were 
found  in  terms  of  involvement.  However',  career  orientation  was  shown  to 
s  i  gn  i  f  i  cant  1  y  predict  a  wife's  attitude  t  iw.jr  J  the  Air  Force, 

F  (  1  ,  o67  )  =  4  .  33  ,  p=.d4.  jn>*mp  ’  oy^d  wom.-n  w>  to  i  nijn  «:  ire»*r  orientation 
were  found  to  have  a  more  positive  view  of  the  Air  Force  ( M= .  07 ;  than 
those  with  a  low  career  orientation  (M=25.08).  Marital  role  orientation 
and  the  interaction  effect  were  not  found  to  be  significant  predictors 
of  attitude. 

Reasons  given  by  the  unemployed  wives  of  enlisted  personnel  for 
not  working  were  not  related  to  their  attitude  or  their  involvement. 
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regions  for  not  F_(  1  ,372  >  =  4.16  ,  p  =  .04  .  Tie  modern  wives 

nust  often  indicated  that  they  did  not  work  for  "other  reasons"  (39%).  A 
Stepwise  regression  analysis  using  several  demographic  predictors  (i.e. 
number  of  cf ; 1 dren  at  home,  age  of  youngest  child,  marriage  length.  Air 
Force  tenure,  frequency  of  TOYS,  length  of  TDYs,  education,  and 
involvement)  indicated  that  some  pf  the  reasons  for  not  working  included 
the  number  jf  children  at  home  ( 3  = . 1 S )  and  the  frequency  of  their 
spouse's  TjYs  i3--.ll).  On  tu-'  other  hand ,  traditional  wives  host  often 
indicated  tnat  they  did  not  work  because  they  did  not  desire  employment 
(37%). 

Equivalent  analyses  were  performed  on  the  subsample  of  wives  of 
-!■'  -)»;*•  • )  f  ’  i  c  ■■*  r  •> .  a  hrie-way  '«NJV-  \ ed  i  . 1  jn  ■  e  i  c  ant  d 1  f  f  e^ence  in 
attitude  between  the  employed  and  unemployed  wives,  £( 1 , 133 ) s 7.03 , 
P=.0u9,  with  the  unemployed  wives  having  a  more  positive  attitude  toward 
the  Air  Force  (M=29.94)  than  indicated  by  f>e  employed  wives  ' V=y5 . 59 ) . 
Employment  status  snowed  a  similar  effect  on  involvement,  F(  1 , 1 33  :  -  4 .  39  , 
p=.t)4.  Again,  unemployed  wives  indicated  more  involvement  m  the  Air 
-  sr  ; e  lifestyle  (  M  =  A  j .  9  7  j  tun  111  -•mp  1 . )  v**  1  w  ■  vs  '  v  =  J 5  .  I  i  1  . 

Subsequent  analyses  revealed  that  attitude  of  tne  employed  wives 
could  not  be  predicted  from  their  reasons  for  working.  However,  reasons 
for  working  proved  to  be  a  significant  predictor  of  involvement, 

F(  5 ,29  )  =  3 . 46  ,  p=.Gl,  among  the  employed  subsample.  Those  indicating  they 
worked  to  earn  extra  money  (M=44.00),  to  maintain  or  use  skills 
( M = 4 ^ . 5 0 ) ,  or  for  personal  and  professional  fulfillment  (M=38.84)  were 


'j  •>.!  miji'  i  le  ,  employed  wives  )f  fi  ■  1  a  t  -?  ■  1  A:-'  -or;e  ;}<?'’  >0'ioo  1  are 
nure  pus  i t  i  ve  toward  the  Air  Force  loan  are  wives  whj  ire  not  employed 
outside  of  the  home.  A  contrasting  effect  is  seen  among  officer  wives. 
Tnat  is,  unemployed  officer  wives  have  a  more  positive  attitude  ind 
demonstrate  more  involvement  in  the  surrounding  Air  Force  community  than 
do  their  counterparts  employed  in  civilian  jobs.  In  terms  of  career 
orientation  and  marital  role  orientation,  neither  factor  is  predictive 
of  attitude  or  involvement  among  enlisted  and  officer  wives  employed  in 
tn.-  civilian  _  )  urn  jn  i  ty  .  In  both  subs  a  op  1  es  ,  now  ever,  ;,aruor  orientation 
serves  as  a  significant  predictor  or'  attitude  with  tnose  desiring  to 
pursue  a  career  being  mure  positive  toward  the  Air  Force.  In  addition, 
career  orientation  predicts  involvement  among  the  unemployed  officer 
w'  «••.•!  tn  j  j e  being  n;  gn  y  lautivated  to  pursue  i  career  indicating 
mare  involvement  in  tne  Air  Force  lifestyle. 

IV.  I MPi 1  CAT  1 QNS  Previous  research  with  the  present  lat  a  set  '_ew's, 
1985)  nas  demonstrated  a  strong  positive  relationship  between  tne 
attitude  of  spouses  toward  the  Air  Force  and  their  enlisted  Air  corce 

’  ;  \  r  .*■  •  r  in.j  '  j\)  g  i  ’j"  .  *  ,  r  ’  •.  ;  ,  : 

strong  relationship  between  job  satisfaction  and  career  intent  (^owday. 
Porter,  4  Steers,  1982)  and  between  career  intent  and  retention  (Steel  & 
Nestor,  1984),  the  present  findings  have  impl i cat  ions  for  the  ways  in 

which  the  changing  marital  and  work  roles  of  women  may  be  impacting  the 

retention  of  Air  Force  personnel  through  the  mediating  variable  of  the 
spouse's  attitude  toward  the  Air  Force.  However,  the  present  findings 


>j  augge>t  tnat  the  impact  )f  spouu a !  *»np  laymen:  >tatuS  and  r.jle 
orient  at  ion  ii  different  for  officer's  and  enlisted  -nen .  Since  mast 
policy  decisions  in  the  Air  Force  are  made  by  officers,  it  is  critically 
important  that  decisions  affecting  enlisted  personnel  and  their  spouses 
not  be  based  solely  on  the  experiences  and  perceptions  of  officers  and 
the i r  wi ves  . 

The  most  striking  difference  between  the  findings  for  officer  and 
enlisted  wives  concerned  employment  status.  The  wives  of  enlisted  men 
who  worn,  outside  tne  home  tend  to  nave  no  re  positive  attitudes  about  the 
Air  Force  than  do  the i r  nonworking  counterpar t s  .  The  opposite  was  true 
for  officers'  wives,  where  the  nonworking  wives  had  the  mere  positive 
attitudes.  These  nonworking  officer  wives  also  felt  more  involved  in  the 
Air  Force  lifestyle  tnan  did  working  wives.  It  appears  tnat  the  fear 
tnat  increasing  employment  among  Air  Force  wives  could  have  a  negative 
impact  on  their  attitudes  toward  and  involvement  in  the  Air  Force 
lifestyle  is  unfounded,  at  least  for  enlisted  personnel.  Employment 
status  per  se  appears  to  have  no  overall  impact  on  either  officer  or 
enlisted  wives'  involvement  with  the  Air  Force  and,  contrary  to 
expectations,  tne  wive,  of  those  enlisted  personnel  who  wor<  have  more 
positive  attitudes  toward  the  Air  Force  than  their  unemployed 
counterparts .  Similarly,  rather  than  eroding  their  support  for  the  Air 
Force,  a  favorable  orientation  toward  having  their  own  career  was 
positively  correlated  with  enlisted  wives'  attitudes  toward  the  Air 
Force.  For  those  wives  who  were  currently  not  working,  tms  relationship 
held  true  for  both  enlisted  and  officer  wives. 
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t  n  a  t  Air  Force  programs  designed  to  assist  Air  force  me mbers  1  wives  in 
finding  employment  are  not  likely  to  have  a  negative  impact  an 
retention.  On  tne  contrary,  particularly  with  regard  to  enlisted 
personnel,  helping  those  wives  who  wish  to  work  find  jobs  may  actually 
ennance  their  attitudes  toward  the  Air  Force  and  their  support  of  their 
husband's  Air  Force  career.  Even  among  non-  working  officer  wives,  it  is 
those  with  a  positive  career  orientation  who  have  a  more  positive 
attitude  toward  tne  Air  Force.  It  seems  unlikely  that  assisting  them 
with  their  career  aspirations  would  mane  them  less  positive  in  their 
attitudes  toward  the  Air  Force. 
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Family  Factors  and  Job  Attitudes  in  the  Air  Force  III: 

The  Impact  and  Prediction  of  Family  Stress  and  Satisfaction 

Dorothy  Winther  and  Philip  Lewis 
Auburn  University 

I.  INTRODUCTION  Gone  are  the  days  of  viewing  the  family  in  the 
traditional  mold  of  breadwinner  husband,  dependent  homemaker  wife,  and 
children  and  of  considering  the  family  environment  and  the  workplace  as 
separate  entities.  Due  to  the  major  social  changes  which  have  taken 
place  in  American  society  over  the  past  20  years  (Bernard,  1931),  the 
tremendous  impact  that  work  and  family  environments  have  on  one  another 
has  become  increasingly  apparent.  Therefore,  researchers  have  found  it 
necessary  to  jointly  consider  work  and  family  factors  within  a  single 
framework  in  order  to  assess  the  reciprocal  interrelationships  between 
the  two  domains  (Osherson  &  Dill,  1983;  Pleck,  1977). 

One  result  of  the  past  two  decades  of  social  upheaval  is  an 
increase  in  the  stress  experienced  by  the  American  family.  The  family, 
in  turn,  has  had  to  develop  coping  strategies  to  deal  with  these 
stresses.  Air  Force  families  are  no  exception  in  that  they  too  have  been 
challenged  by  the  same  pressures  as  other  American  families,  such  as 
inadequate  finances,  changing  marital  and  parental  role  definitions,  and 
tne  erosion  of  viable  social  and  family  support  systems  (Bowen,  198b). 
The  paradox  of  this  modern  life  predicament  is  that  American  families 
lack  many  of  tne  characteristics  which  might  serve  as  buffers  against 
tne  pressures  of  modern  life  (Greenhaus  4  Beutel 1  ,  1985  ).  The  ourpose  of 


this  investigation  of  Air  Force  famlies  was  to  examine  some  of  the 
work-family  interrelationships  influenced  by  the  pressures  of  an  Air 
Force  lifestyle. 

Many  factors  contribute  to  a  stressful  family  environment.  For 
instance,  Beutell  and  Greenhaus  (1980)  found  that  parents  of  younger 
children  experienced  more  interfamily  conflict  than  did  parents  of  older 
children.  There  is  also  evidence  that  the  size  of  the  family  is 
positively  related  to  the  degree  of  family  stress,  especially  for  women 
whose  husbands  are  hignly  involved  in  their  careers  (Beutell  & 

Greenhaus,  1982;  Keith  &  Shafer,  1980).  Evidence  is  mixed  on  the  issue 
of  the  effects  of  a  wife's  employment  outside  the  home  (Hall  h  Gordon, 
1973;  Locksley,  1980;  Pleck,  Staines,  &  Lang,  1930),  and  tne  results 
appear  to  depend  on  the  wife's  nierarchial  level  within  tne  workplace 
(Greenhaus  &  Kopelman,  1981)  ana  the  number  of  hours  she  is  employed 
outside  the  home  (Hall  &  Gordon,  1973). 

Other  factors  contributing  to  family  pressure  originate  from  tne 
work  domain.  For  example,  there  appears  to  be  a  significant  positive 
correlation  between  fami ly  conflict  and  tne  number  of  hours  worked  per 
week  and  the  frequency  of  overtime  (Burke,  weir,  &  Ouwors,  1930;  Keitn  & 
Shafer,  1980)  .  ru: f hermure ,  fami ly  stress  escalates  as  work  seoedu'es 
become  more  inflexible  (Pleck  et  al.,  1980).  Not  cnly  nust  nany  Air 
Force  families  cope  with  heavy  work  hour  demands  and  rigid  work 
schedules,  but  tne  very  nature  of  a  military  career  places  additional 
pressures  on  the  family  members,  especially  on  the  w i f i  (Hunter,  1982). 
Tne  military  /vife  must  assume  multiple  roles  during  her  husband's 
absence ,  .  >he  must  be  ready  tu  neve  wrien  Jut/  as ;  iqnment  >  '.hanje  and 
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must  endure  social  and  cultural  isolation  in  the  case  where  assignments 
are  located  in  remote  areas.  She  must  also  live  with  uncertainty  when 
her  husband's  duty  carries  him  into  dangerous  environments.  Such 
additional  stressors  experienced  by  military  wives  could  have 
far-reaching  effects  on  family  dynamics,  coping  behaviors,  and  attitudes 
toward  the  military  member's  job,  career,  and  work  environment.  It  could 
be  hypothes i zed ,  however,  that  the  effects  of  stress  on  the  spouse  and 
that  her  reactions  to  this  pressure  might  also  depend  on  the  level  of 
satisfaction  she  experiences  as  a  military  spouse. 

Tne  current  investigation  examines  several  aspects  of  the  work  and 
family  domains  which  may  influence  and  be  influenced  by  an  Air  Force 
wife's  perceived  level  of  stress  and  satisfaction.  First,  it  will 
examine  some  potential  stressors  which  might  serve  to  predict  a  wife's 
level  of  stress  and  sat i sf act  ion .  Second,  the  study  will  assess  tne 
effects  of  stress  and  satisfaction  on  her  attitude  toward  her  husband's 
Air  Force  job,  her  perceived  role  within  the  family,  and  the  tendency 
for  the  family  to  develop  various  support  systems  in  order  to  combat  a 
stressful  lifestyle.  Finally,  the  current  investigation  examines  the 
effects  of  the  wife's  level  of  stress  and  satisfaction  on  tne  Air  cor:e 
member's  pride  in  his  work,  perceptions  of  work  group  effectiveness, 
job-related  satisfaction,  and  general  organi zat iona 1  climate. 


II.  METHOD  Tne  sample  was  drawn  from  a  large  data  base  consisting  of 
lu7U  Mir  Force  members  and  tne i r  spouses  ( 14*  officers  and  M4 i  enlisted 
personnel)  wno  were  participants  in  a  census  survey  of  four  1 1  ‘  f  er-*nt 


nr  buse>  m  tne  c ant i nent  a  1  United  states.  Initially,  tne 
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member  completed  the  Organizational  Assessment  Package  (OAP),  a 
questionnaire  designed  to  assess  work-related  attitudes  (Short,  1985). 
Subsequently,  their  spouses  completed  the  Air  Force  Family  Survey  (AFFS) 
wnich  was  developed  to  measure  attitudes  concerning  a  variety  of  topics 
influential  in  family  adjustment  to  the  Air  Force  lifestyle  and,  in 
turn,  on  the  perceived  satisfaction  and  commitment  of  the  Air  Force 
member  (Flannery  &  Oansby,  1985). 

From  the  larger  data  base,  a  sample  of  320  enlisted  men  and  their 
wives  was  drawn.  Demographic  character i st i cs  of  the  enlisted  sample 
reveal  tnat  48%  of  the  Air  Force  members  had  accrued  12  or  more  years  of 
Air  Force  service,  69%  had  been  in  their  present  career  field  for  36 
months  or  more,  54%  had  been  stationed  at  the  same  base  for  36  months  or 
more,  and  43%  of  tne  enlisted  members  indicated  that  they  had  no 
intention  of  terminating  their  career  with  the  Air  Force.  Further,  23% 
of  tne  couples  had  been  married  between  one  and  four  years,  75%  nad  at 
least  one  child  living  at  home  with  47%  of  these  children  being  of 
preschool  age,  and  4i%  of  tne  wives  were  employed  in  full-time  civilian 
pos i t ions . 

Tne  c jrrent  study  examined  tne  wives'  perceived  stress  and 
, at  i  ;>f  act  ion  in  two  ways.  First,  in  a  stepwise  regression  procedure,  it 
investigated  tne  ability  of  li  demographic  variables  to  predict  stress 
and  satisfaction  in  our  sample  of  Air  Force  wives.  Tne  second  phase  if 
tne  st  jdy  used  tw j  multivariate  analysis  of  variance  designs  to  address 
the  question  of  how  various  levels  of  perceived  stress  and  satisfaction 
: -if  1  venue  certain  oliar  acter  i  ,t  i  cs  of  the  'Family  and  war*  lum  am-.. 
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stress  and  satisfaction  as  criterion  variables,  while  the  second  set  of 
analyses  will  refer  to  them  as  independent  variables. 

The  variable  of  stress  was  represented  by  the  sum  of  three  AFFS 
items  (14,  17,  36)  describing  disruptions  in  family  and  social  life  due 
to  having  a  husband  in  an  Air  Force  career.  Item  #14  states,  "Tne 
special  demands  of  my  spouse's  career  cause  problems  for  our  family  that 
non-Air  Force  families  don't  have."  Item  #17  states,  "Being  with  the  Air 
Force  makes  it  difficult  to  make  friends  and  socialize."  Item  #36 
states,  "My  spouse's  work  hours  disrupt  our  family  life  more  than  if  my 
spouse  had  a  non-Air  Force  job."  Tne  stress  factor  was  differentiated 
into  two  groups.  Tne  high  stress  group  ( N  =  155 )  was  defined  by  those 
responding  with  "strongly  agree,"  "moderately  agree,"  or  "slightly 
agree"  to  all  three  items.  All  other  responses  character i zed  the  low 
stress  group  ( N =665  ) . 

The  second  variable,  satisfaction,  was  represented  by  the  sum  of 
three  AFFS  items  (2,  13,  61)  and  constituted  a  measure  of  overall 
satisfaction  with  the  Air  Force  lifestyle  and  with  life  in  general.  Item 
#2  states,  "I  would  recommend  the  Air  Force  as  a  career  to  many  people  I 
<now."  Item  #13  states,  "I  am  glad  my  spouse  joined  or  works  for  tne  Air 
-once."  I  tern  #51  states,  "Taking  things  all  together.  I'd  say  I'm  very 
happy  these  days."  A  high  satisfaction  group  ( N  =25 5  )  was  defined  as 
those  wives  responding  to  all  three  statements  with  "strongly  agree"  or 
"moderately  agree."  All  otner  respondents  composed  a  low  satisfaction 
group  (3=36o).  Tne  relationship  between  stress  and  satisfaction  in  the 
samp  1  e  w.» ,  a  node  r  ate  i  y  negative  one  (  r  =  -  .  35  )  indicating  that  there  i  >  a 
tend'.-'r,  /  f  )f  ,at  i  ,  faction  tj  1ecr.-*.i  ...  is  .Vess  increases. 
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Tne  first  analysis  used  a  combination  of  11  demographic  variables 
as  potential  predictors  of  a  spouse's  perceived  level  of  stess  and 
satisfaction.  Tnese  included  the  attained  grade  of  the  Air  Force  member, 
employment  status  of  the  wife  (employed/unemployed),  frequency  of  TOYs, 
length  of  TDYs,  length  of  time  at  current  base,  location  of  residence, 
number  of  children,  number  of  children  living  at  home,  and  age  of  tne 
youngest  cm  Id.  Tne  last  t..o  predictors,  career  orientation  and  marital 
role  orientation,  were  factor  scores  derived  from  several  AFFS  items 
(Lewis,  1985).  Career  orientation  was  represented  by  the  sum  of  three 
AFFS  items  (24,  43,  &  44)  and  can  be  defined  as  the  wife's  attitude 
toward  working.  Marital  role  orientation  was  the  sum  of  two  items  (45  £ 
46)  representing  the  wife's  view  of  the  preferred  role  relationship 
between  spouses. 

The  second  phase  of  the  study  investigated  the  effects  of  stress 
and  satisfaction  on  two  sets  of  dependent  measures.  The  first  set  was 
composed  of  17  AFFS  items  (40  through  55)  and  assessed  the  wife's 
attitude  toward  her  husband's  Air  Force  job,  perceptions  of  her  role 
within  tne  family,  and  the  extent  to  which  the  fatni  ly  had  developed 
various  support  systems.  The  second  set  of  dependent  variables  consisted 
of  four  factor  scores  derived  from  OAP  items  (night owe'-  £  Snort,  19821. 
Tne  first  factor,  pride,  measured  the  pride  tne  Air  Force  mender  derived 
from  ins  work  and  was  represented  by  the  sum  of  two  OAP  items  (32  £  46’. 
dork  group  effectiveness  assessed  the  Air  Force  member's  view  of  the 
quantify,  quality,  and  efficiency  of  work  generated  by  hi3  work  qruuo 
and  was  the  sum  of  five  QaP  items  (  77  ,  73  ,  79  ,  3  J ,  £  11  !  .  Job- r  : ] 

,  at i sf act  ion  wa ,  the  sin  or  ,even  OAP  item,  ( Id  1 ,  102,  id).  Lib,  107  , 
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108,  &  109)  and  measured  the  degree  to  which  the  worker  was  generally 
satisfied  with  factors  surrounding  tne  job.  Finally,  organizational 
climate  was  the  sum  of  ten  OAP  items  (87,  88,  89,  90,  92,  93,  94,  95,  97 
Si  98)  and  assessed  perceptions  of  the  organizational  climate  as  a  whole 
(e.g.,  team  spirit  and  communications). 

I i I .  RESULTS  The  first  portion  of  this  study  investigated  the 
effectiveness  of  11  demographic  characteri sties  of  the  family  and  Air 
corce  lifestyle  for  predicting  the  criterion  variables  of  stress  and 
satisfaction  in  tne  sample  of  Air  Force  wives.  Results  of  a  stepwise 
regression  analysis  identified  six  predictors  as  the  best  combination  of 
variables  for  predicting  stress.  These  were  frequency  of  TDYs  ( 3  = . 43 ) , 
number  of  children  (3=-. 30),  wife's  employment  status  (3  = . 30 ) ,  husband's 
grade  ( 3  = . 23 ) ,  career  orientation  (B =- . 15 ) ,  and  marital  role  orientation 
(3=-.lU).  Tnerefore,  it  appears  that  a  wife's  level  of  perceived  stress 
increases  as  the  frequency  of  temporary  assignments,  the  number  of 
children,  and  her  husband's  grade  in  the  Air  Force  increases.  Further, 
higher  levels  of  stress  tend  to  be  experienced  by  the  unemployed  wife 
who  nas  a  modern  view  of  her  marital  role  but  has  little  desire  to 
pursue  a  career  of  her  own. 

A  second  regression  analysis  identified  four  variables  whicn 
significantly  predicted  perceived  satisfaction.  Tnese  included  location 
of  residence  (3=-. 20),  number  of  children  ( 3  = .  2  7  ) ,  career  orientation 
(3=.18),  and  mar  ua  1  role  orientation  { 3  =  .  16  ) .  In  brief,  on-base  living 
quarters,  few er  cn 1 1 dren  ,  more  traditional  views  of  the  marital  role, 
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and  tne  desire  to  pursue  a  career  tended  to  predict  a  higher  level  of 
satisfaction  with  the  Air  Force  lifestyle  and  with  life  in  general . 

Tne  second  portion  of  this  investigation  addressed  the  issue  of 
tne  effects  of  the  wife's  level  of  stress  and  satisfaction  on  the  family 
and  work  domains.  First,  a  two-factor  multivariate  analysis  of  variance 
(MANOVA),  witn  two  levels  of  stress  (high  and  low)  and  two  levels  of 
satisfaction  (nign  and  low),  was  performed  with  the  dependent  variables 
being  the  17  AFFS  items  discussed  previously.  Examination  of  the  results 
revealed  a  main  effect  for  stress,  _F( 17 ,300 )  =  3 . 02 ,  £=.001,  using  the 
bilk's  Lambda  Criterion.  Follow-up  analyses  of  variance  indicated  that 
spouses  in  the  high  stress  group  felt  more  socially  isolated, 

F( 1 ,816 )  =  25  .27 ,  p=.u01,  believed  off-base  friends  more  important  tnan 
Air  Force  friendships,  Fh 1 ,316 )  =  5.30,  £=.02,  and  had  friends  visit  their 
homes  less  frequently,  F_(  1 ,816 )  =  6 .91 ,  £=.01,  than  did  those  spouses  in 
the  low  stress  group.  In  terms  of  their  family  and  marital  roles  and  in 
contrast  to  tneir  low  stress  counterparts ,  the  high  stress  group  felt 
less  able  to  pursue  their  own  interests,  F( 1 ,816 )  =  3 .38  ,  £=.06,  oelieved 
tneir  husbands  snould  not  have  the  final  word  in  important  family 
decisions,  F_(  1 ,816  )  =  S.9i ,  £=.0l,  and,  in  fact,  indicated  they  made 
important  family  decisions  on  tneir  own,  _F( 1 ,316 )  =  6 .64  ,  £=.01.  Fina'ly, 
the  spouses  report’ng  a  high  level  of  stress  perceived  an  Air  rorce 
career  as  less  fair  in  terms  of  pay,  allowances,  and  benefits, 

F( 1 ,816 )  =  4 .67 ,  £=.03,  than  did  tne  spouses  reporting  less  stress.  Group 
leans  are  presented  in  fable  1. 

Results  of  the  MANOVA  also  revealed  a  main  effect  for 
•i-tion,  F ( 17 ,3UO  )  =  2 . 4d  ,  p=.00l.  Univariate  statistics  indicited 
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that  those  spouses  indicating  a  high  level  of  life  satisfaction  believed 
tney  were  more  able  to  pursue  their  own  interests,  £(1,816  )= 15 .36, 

£= . Ou  1 ,  felt  Air  Force  friends  to  be  more  important  than  off-base 
friends,  £(  1 ,816 )  =  5 .25  ,  £=.02,  and  felt  less  socially  isolated, 

F( 1 ,8i6 )  =  13 .50,  £=.001,  than  did  those  spouses  experiencing  a  lower 
level  of  sat i sf act  ion .  In  addition,  the  high  satisfaction  group  viewed 
outside  agencies  as  a  helpful  source  in  solving  problems,  F( 1 ,816 )  =  3 .85 , 
£=.05,  and  more  frequently  sought  outside  help  in  solving  their 
problems,  £(  1 ,816 )  =  3.84 ,  £=.05,  than  did  the  low  satisfaction  group. 
Table  2  presents  group  means  for  those  dependent  variables  influenced  by 
spouse  satisfaction. 

Altnough  the  overall  stress/sat i sf act i on  interaction  effect  was 
not  statistically  significant,  £(  17 ,800 )=1 .21  ,  £=.25,  several  of  the 
univariate  ANOVAs  were  meaningful  and,  therefore,  worth  mention.  First, 
tnose  spouses  in  the  high  stress/'nigh  satisfaction  group  indicated  that 
in  their  families  everyone  went  their  own  way,  £(  1 ,816  )=4 .48 ,  £=.03,  and 
were  the  group  most  likely  to  seek  outside  help  when  facing  serious 
family  problems,  £(  1,816 )  =  6. 88 ,  £=.01.  Those  in  the  low  stress/high 
satisfaction  group  felt  the  wife  was  primarily  responsible  for  the  home, 
even  if  she  was  also  employed  outside  the  home,  £(  1 ,316  )  =  5 .56,  £=.02. 
Finally,  in  contrast  to  the  other  three  groups,  tne  low  stress/high 
satisfaction  spouses  indicated  that  their  family  almost  always  did 
tnings  together,  £( 1 ,316 )= 7 .01 ,  £=.01.  Group  means  for  the  four 
dependent  variables  of  interest  are  presented  in  Table  3. 

In  summary,  the  degree  of  stress  an  Air  Force  wice  experiences  .has 
a  significant  influence  on  her  attitude  toward  tne  Air  Force,  her 


TABLE  3 

Group  Means  for  Stress/bat 1 sf act  ion  Interaction 


support  systems,  and  family  dynamics.  A  spouse  experiencing  a  high 
degree  of  stress  tends  to  have  a  negative  attitude  toward  the  pay  and 
benefits  afforded  by  an  Air  Force  career,  has  few  social  relationships, 
especially  witn  other  members  of  the  Air  Force  community,  and  assumes  an 
independent  role  in  making  family  decisions.  In  contrast,  an  Air  Force 
wife  who  experiences  less  stress  holds  a  'more  positive  view  of  her 
husband's  Air  Force  career,  has  formed  more  social  bonds  within  the  Air 
Force  community,  and  tends  to  play  more  of  an  interdependent  role  with 
her  husband  in  making  family  decisions. 

It.  is  also  clear  that  the  effects  of  satisfaction  impinge  on  the 
lifestyle  and  social  relationships  of  the  Air  Force  wife.  Those 
indicating  a  high  degree  of  satisfaction  feel  free  to  pursue  their  own 
interests  and  tend  to  form  more  social  bonds  within  the  Air  Force 
community.  On  the  other  hand,  the  wife  experiencing  little  satisfaction 
tends  to  view  herself  as  unable  to  pursue  her  own  interests  and  as 
socially  isolated  from  others  in  the  Air  Force  community.  More 
importantly ,  those  experiencing  little  satisfaction  are  least  likely  to 
seek  outside  help  for  family  problems,  a  solution  which  has  potential 
cor  increasing  their  level  of  sat i sf ac t i on  . 

Turning  to  the  interactive  effect  between  stress  and  satisfaction, 
there  is  a  distinct  contrast  between  the  family  relationships  of  the 
high  stress/high  satisfaction  spouses  and  the  spouses  in  the  low 
stress/hign  satisfaction  spouses  with  family  members  in  the  latter  group 
tending  to  be  more  cohesive.  On  the  other  hand,  family  members  in  the 
former  group  tended  to  be  more  independent.  Also,  the  high  stress./high 
satisfaction  spouses  indicated  they  were  most  likely  to  seek  outside 


nelp  when  confronted  with  serious  family  problems.  This  finding  is  in 
contrast  to  their  high  stress/low  satisfaction  counterparts  who  were  the 
least  likely  to  seek  such  help.  Finally,  a  spouse  experiencing  a 
condition  of  low  stress/high  satisfaction  tended  to  hold  a  more 
traditional  view  of  their  marital  role  by  indicating  that  the  wife 
should  have  primary  responsibility  of  the  home,  regardless  of  her 
employment  status  outside  the  home.  In  contrast,  the  high  stress/high 
satisfaction  wife  responded  with  the  most  inodern  perspective  on  the 
issue  of  responsibility  for  running  the  home. 

The  final  question  involved  in  this  study  dealt  with  what  effect  a 
wife's  level  of  stress  and  satisfaction  has  on  her  husband's  perceptions 
of  his  Air  Force  job.  To  explore  this  question,  a  second  two-factor 

MANOVA  was  conducted  with  the  dependent  measures  being  the  four  factors 
of  pride,  work  group  effectiveness,  job-related  satisfaction,  and 

organizational  climate.  Examination  of  the  Wilk's  Lambda  Criterion 
showed  a  significant  main  effect  for  spouse  satisfaction,  F_(  4 ,813  )  =  2 .33 , 
p= . 02 .  Husbands  of  wives  with  a  high  level  of  life  satisfaction  had  more 
pride  in  the  work  they  performed,  _F( 1 ,816 )  =  5 .81 ,  £=.02,  and  were  more 
satisfied  with  their  Air  Force  job,  F_(  1 ,816  )  =  10 .02 ,  £=.002,  and  with  the 
overall  climate  of  their  work  group,  F_(  1 , 816 ) =3 . 28  ,  p=.004,  than  Air 
Force  members  having  wives  who  experienced  less  satisfaction  in  their 
lives.  Table  4  summarizes  these  results  by  presenting  the  group  means. 

Although  there  was  no  overall  main  effect  evidenced  for  stress, 
univariate  analyses  indicated  that  those  having  wives  experiencing 
higher  levels  of  stress  were  less  satisfied  with  their  jobs, 

F( 1,816  )  =  4. 59  ,  £=.03,  than  were  Air  Force  members  with  wives 
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experiencing  a  less  stressful  life.  Neither  multivariate  nor  univariate 
statistics  showed  a  significant  stress-satisfaction  interaction  effect. 
In  brief,  evidence  appears  to  indicate  a  spouse's  satisfaction  with  her 
lifestyle  as  an  Air  Force  wife  and  her  life  in  general  has  a  significant 
impact  on  her  husband's  perceptions  of  his  job  and  the  surrounding  work 
environment.  Further,  a  wife's  level  of  stress  plays  a  role  in  the 
satisfaction  her  husband  derives  from  his  job. 

IV.  IMPLICATIONS  In  trying  to  sort  out  the  impact  of  Air  Force  life  on 
the  wives  of  Air  Force  enlisted  personnel,  several  interesting  patterns 
have  emerged.  The  experience  of  Air  Force  life  as  stressful  appears  to 
be  a  joint  function  of  both  the  objective  circumstances  of  family  life 
and  certain  personal  attributes  of  the  wife.  Not  suprisingly,  Air  Force 
life  is  experienced  as  ;nore  stressful  by  those  wives  who  have  more 
cnildren  living  at  home,  who  are  unemployed,  and  whose  husbands  have 
more  frequent  TijYs.  Somewhat  nore  suprising,  given  the  higher  income  of 
these  famlies,  wives  are  more  likely  to  experience  stress  the  higher 
their  husband's  grade  level  in  the  Air  Force. 

With  regard  to  their  personal  character i st i cs ,  it  is  the  "modern" 
as  opposed  to  tne  "traditional"  wives  and  those  with  little  interest  in 
pursuing  a  career  that  find  life  in  the  Air  Force  most  stressful.  Other 
findings  suggest  that  it  is  those  wives  who  are  less  integrated  into  the 
Air  Force  community  who  may  be  experiencing  the  most  stress.  Tnose  in 
tne  high  stress  group  reported  feeling  more  socially  isolated,  and 
reported  that  friends  visit  in  their  homes  less  frequently,  and  reported 
that  non  Air  Force  friends  are  more  important  than  friends  from  the  Air 
Force  commun i cy .  It  further  appears  that  those  Air  Force  famlies  who 
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Overall  ,  these  findings  suggest  that  integration  into  the  Air 
Force  community  may  serve  as  a  significant  buffer  against  the 
predictable  stresses  of  Air  Force  life.  Given  that  earlier  research 
(Lewis,  1985)  has  shown  that  wives'  perceptions  of  Air  Force  life  as 
stressful  is  a  significant  predictor  of  the  career  intent  of  their 
enlisted  husbands,  Air  Force  programs  and  policies  designed  to  increase 
the  involvement  of  famlies  in  the  Air  Force  community  may  well  have  a 
positive  impact  on  retention. 
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Abstract 


We  foliow  the  resource  management  strategics  in  Arch  OS  and  try  to  develop  a 
general  control  strategy  in  the  resource  management  in  a  decentralized  distributed  com¬ 
puter  system. 

A  probability  is  considered  everytime  when  a  newly  created  task  are  going  to  be 
assigned  to  some  processor,  and  a  set  of  modified  guarantee  routines  similar  to  those 
developed  by  Ramamnthm  and  Stankovic  in  (4)  are  introduced.  The  heuristic 
approach  for  solving  the  problem  of  scheduling  tasks  with  deadlines  and  general 
resource  requirements  developed  in  (5)  by  Zhao  and  Ramamrithm,  will  be  used,  in 
conjunction  with  the  guarantee  algorithms  and  the  probability  selection  scheme  to 
fulfill  the  dynamic  scheduling.  The  algorithms  to  determining  the  optimal  paths  in  a 
stochastic  network,  developed  by  Mischandan  and  Soroush  in  (7),  (S),  were  applied  to 
achieve  the  system  wide  optimization  when  the  Task  is  to  be  sent  to  some  other  node. 
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This  is  a  prelimary  report  of  the  research  followed  the  one  that  developed  at 
Rome,  sponsorship  of  the  U.S.  Air  Force  Research  Office  and  RADC/COTD.  Gnfhss 
AFB,  New  York. 

We  wiU  follow  the  resource  management  strategics  in  Arch  OS  —  a  decentralized 
distributed  operating  system  developed  at  the  Camegie-Mcllon  University  and  try  to 
develop  a  general  control  strategy  tn  the  resource  management  in  a  decentralized  distri¬ 
buted  computer  system. 

ArchOS  has  a  sound  theoretical  base,  as  developed  by  Lui  sha,  Lehoczky,  P.,  and 
Jenson,  E.D.  m  (2)  and  (3).  They  used  the  classical  set  theoretical  techniques  to 
approach  the  concurrency  control,  consistency  and  correctness  problem.  The  database 
was  decomposed  into  the  "consistency  preserving"  atomic  data  sets  which  are  not 
necessary  disjoint,  and  the  notion  of  compound  transactions  was  introduced.  A  com¬ 
pound  transaction  is  defined  as  a  partially  ordered  set  of  elementary  transactions.  Each 
elementary  transaction  is  then  independently  partitioned  into  a  partially  ordered  set  of 
"correct  perserving"  atomic  step  segments  according  to  certain  modular  generalized 
setwise  and  serializable  scheduling  rule.  The  optimality  of  concurrency  control  was 
proved  based  on  the  completeness  of  the  fuzzy  set  of  all  modular  generalized  setwise 
and  serializable  scheduling  rules.  Some  failure  recovery  rules  were  also  introduced 
based  on  the  notion  of  atomic  commit  segments.  Although  some  basic  techniques  for 
the  resource  control  strategies  were  developed,  they  seem  to  be  not  very  practical  as 
we  mentioned  in  report  (1).  For  example,  in  the  Load  Balance  Problem,  the  assump¬ 
tion  of  equal  probability  (for  assigning  a  newly  created  workload  to  other  processors  if 
the  current  processor  is  above  the  "threshold”)  is  too  strong  a  one,  and  the  assump:..  n 
that  the  assignment  (to  the  processor)  is  permanent  even  worsens  m  a  se-.-.e  •••..'  - 

workloads  of  the  new  processor  which  were  assigned  to  receive  the  or.*  ■ 
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workload  might  itself  be  over  the  "threshold". 

In  this  paper,  a  probability  is  considered  every  time  when  a  newly  created  Task 
are  going  to  be  assigned  to  some  processor  (probabilistic  selection  scheme  (10)),  and  a 
set  of  modified  guarantee  routines  similar  to  those  developed  by  Ramamnthm  and 
Stankovic  in  (4)  are  introduced.  In  (4),  a  bidding  algorithm  is  used  in  conjunction 
with  a  locally  executed  guarantee  algorithm  which  either  guarantees  arriving  tasks  that 
they  will  meet  their  deadline  or  invokes  the  bidding  algorithms  to  find  a  suitable  loca¬ 
tion  for  the  execution  of  the  arriving  task,  if  possible.  The  heuristic  approach  for  solv¬ 
ing  the  problem  of  scheduling  tasks  with  deadlines  and  general  resource  requirements 
developed  in  (5)  by  Zhao  and  Ramamnthm,  will  be  used  in  conjunction  with  the 
guarantee  algonthms  and  the  probabilistic  selection  scheme  to  fulfill  the  dynamic 
scheduling. 

Stankovic  argued  in  (6)  that  optimal  decentralized  control  is  not  possible  and  that 
achievable  control  is  based  on  a  number  of  fundamental  concepts  including  the  "level 
of  observability"  that  the  particular  system  being  controlled  allows,  the  concepts  of 
"towards",  and  the  need  for  heuristics  concerning  entity  interacuon.  He  suggested  also 
the  use  of  Bayesian  decision  theory  and  estimation  theory  in  meeting  the  objectives  of 
achievable  decentralized  control.  Although  Stankovic  provides  a  good  start  toward  the 
goal  for  system-wide  optimal  decentralized  control,  many  problems  sull  remain.  In 
this  regards,  we  turn  to  the  classical  "shortest  path"  technique  for  a  stochastic  network. 
Recently,  Eiger,  Mischandari  and  Soroush  had  introduced  the  concept  of  "path  prefer¬ 
ence"  and  developed  an  algorithm  to  determine  the  optimal  path  in  the  stochastic  net¬ 
work  for  the  linear  and  exponential  utility  function  in  (7).  An  algorithm  for  determin¬ 
ing  optimal  paths  in  probabilistic  networks  for  the  guadratic  utility  functions  was  also 
developed  by  introducing  the  "temporary  preference"  paths  in  (8)  by  Mischandari  and 
Soroush.  We  will  apply  this  algorithm  to  obtain  a  systme-wide  optimal  path  for  the 


stochastic  network  spanned  by  an  initial  node  Pt-  and  an  end  node  PXi  ,  corresponding 
to  p.  ^ ,  selected  by  the  probabilistic  selection  scheme  when  a  task  could  not  be 
guaranteed  at  P^  with  the  resource  requirements. 

U.  General  Assumptions: 

Wc  will  restrict  ourselves  to  the  loosely  coupled  distributed  computer  system  con¬ 
sisting  of*  nodes  (or  processors) 

Pj  .  Pi  »  .  P*  • 

.  Each  node  P;  (i=l,2, — ,n)  contains  a  local  schedular,  a  dispatcher,  a  selection 
scheme,  a  set  of  guaranteed  periodic  tasks  and  a  set  of  resources: 

Rj  .  . — ,  Ry^  — ,n). 

Assume  that  each  node  P-  ,  periodically  sends  an  update  message  to  each  of  the 
other  nodes  in  the  system.  Without  of  loss  generality,  we  may  assume  that  an  update 
message  containing  load  and  status  information’s  on  P-  is  sent  at  each  ume  instant  *t 
for  k=  1,2,3, — ,  where  T  may  be  taken  as  a  number  large  enough  to  cover  all  periods 
of  those  fixed  periodic  tasks  (e.g,  ?  the  l.c.m.  of  all  periods)  the  ume  interval  (kT 
,  (k*t)7  )  is  referred  to  as  the  k-th  update  period,  andr  is  referred  to  as  the  update 
period  length  (see  10). 

let  (k)  be  the  message  sent  by  P^  at  the  instant  *7  ,  it  may  include  any  of  the 
following  observation's  and  estimates  of  load  parameters  on  Pt*  : 

-Amount  of  unfinished  work  at  on  Pt-  . 

“Number  of  jobs  queued  at  P^  at 


d  t,#)  =Number  of  jobs  arrivals  during  L,.,. 

£•  ^  =Numbcr  of  local  jobs  departure  during  1^.,  . 

£.^)=Amount  of  time  Pt-  serves  local  jobs  during  1^., . 

“Average  local  job  service  time  during  It_|. 

We  assume  also  that  a  resource  can  be  serially  shared  by  tasks  and  that  a  passive 
resource  (it  has  no  processing  power,  e.g.,  a  file)  must  be  used  with  some  active 
resources  (it  has  processing  power,  like  a  CPU  or  a  physical  device). 

A  task  T  is  a  scheduling  entity,  the  following  characteristics  of  a  task  T  are 
assumed  known  when  it  arrives  at  a  node  : 

v)  the  worst  case  computation  time  C(T). 
ii)  the  deadline  D(T),  by  which  the  task  must  be  completed, 
iii)  the  resource  requirements  of  the  task  T. 

3.  We  will  follow  the  scheme  in  (10)  and  calculate  the  propabdity  ^  j  ( £  ) 
for  the  pair  of  nodes  P  &.  P^  (j=  1,2, — .  ),  at  the  time 
instant  Kt : 

It  requires  that  the  node  P^  records  the  following  observations  during  update 
penod  I^H  :  fa[t)  ,  S^k)  ,  and  vr(*)for  ail  i=l,2,— ,n.  Based  on  these  informations 
the  node  estimates  the  average  service  time  of  its  local  jobs  as  follows: 

V>  =  , 

where  (o<  *) wj)  is  an  adjustable  factor. 
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The  estimated  unrirushed  work  on  Pj  .  j*l,2. — ,n  ,  j*i  is  given  by 

pj(*)  =  9;(«) 
t,M=  i-fcjW. 


where 


=  “t  •  *•  J  =  L  2-  71 

i-  ft,)—  ~  - -  j  f  i. 


4.  Central  Algorithms: 


It  is  assumed  that  a  task  needs  its  resources  throughout  its  execution  and  a 
task  will  request  at  least  one  resources. 

STEP  1 :  When  a  non-penodic  task  T  arrived  at  P^  .  the  "guarantee  routines"  wi[J 
start  to  check  to  sec  if  the  task  could  be  guaranteed  to  meet  the  deadline 
D(T)  at  P-  with  the  resources  required  for  this  task  T. 

STEP  2:  If  the  task  T  could  not  be  guaranteed  at  node  P;  then  we 

consider  to  send  the  task  T  to  a  remote  note  Pj  .  First  we  calculate  ^  „  (*)  ca  M<vx  V  (*_) 

;«*  '■> 

and  select  the  remote  note  P«.  which  corresponds  to  the  maximum 
at  the  time  instant  *i(Here,  we  assume  that  the  time  to 
calculate  this  probability  can  be  neglected). 

STEP  J:  Consider  the  stochastic  network  spanned  by  all  nodes  in  the  distributed  system  with 
the  initial  node  Pt  and  the  end  node  P, 

STEP  4:  An  optimal  path  can  then  be  picked  up  by  using  the  algorithm 

developed  by  Mirchandan  and  Soroush  (8)  in  terms  of  "path  preference  ' 
by  maximiong  the  expected  utility  (unction. 
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STEP  5:  If  there  exists  no  such  node  which  has  the  necessary 

resources  requirements  for  the  task  T  or  if  there  is  such  a  node  but 
there  does  not  exist  paths  connected  to  it  from  ,  then, 
in  any  case,  the  task  T  could  not  be  garanteed. 

STEP  6:  The  local  scheduler  at  can  interact  with  schedulers  at  other 
nodes  by  an  appropirate  communication  through  message  updating. 

Upon  arriving  at  the  destination  node  P,^.  ,  another  attempt  will  be  made  to 
guarantee  the  task  T  by  taking  into  consideration  of  the  travel  time  of  the 
optimal  path  from  P^  to  P*.  and  of  the  time  to  execute  the  optimization 
algorithms,  (i.e.  to  see  if  *t  +  travel-time  of  optimal  path 
+executing-time  of  the  optimization  algorithm  $  D(T)  ). 

Eventually,  the  task  will  either  be  guaranteed  or  be  rejected. 

STEP  7  : 

Once  the  task  is  guaranteed  at  some  node,  then  the  dispatcher  of  that  node  will 
actually  schedule  the  task. 

5  Guarantee  Routine's : 

We  adopt  the  notion  of  "guaranteeing  a  task"  as  in  (4).  A  task  is  said  to  be 

t 

graranteed  if,  under  all  circumstances,  it  will  be  scheduled  to  meet  its  real-time 
requirements  and  other  resource  requirements.  Once  a  task  has  been  guaranteed,  we 
know  that  it  will  be  completed  before  its  deadline  with  all  the  resources  required,  but 
not  exactly  when  it  will  be  scheduled.  This  depends  on  the  scheduling  policy,  the 
number  of  guaranteed  tasks  waiting  to  be  executed,  the  nature  of  periodic  tasks,  new 
arrivals  and  the  amount  of  systems  overheads. 


Periodic  tasks  are  guaranteed;  non-periodic  tasks,  after  they  arrive,  may  or  may 
not  be  guaranteed.  However,  once  guaranteed,  they  will  definitely  meet  their  dead¬ 
lines.  The  intent  is  to  guarantee  all  periodic  tasks  and  as  many  of  the  non-periodic 
tasks  as  possible,  utilizing  the  resources  of  the  entire  network. 

Zhao  and  Ramamritham  defined  in  (5),  a  feasible  schedule  as  a  list  of  tasks  that 
have  been  guaranteed.  And  a  schedule  is  "full'’  with  respect  to  a  set  if  it  contains  all 
tasks  in  the  set,  otherwise  it  is  ''partial". 

They  modified  the  guaranteed  routines  in  (4),  using  a  heuristic  approach  to  select 
the  task  to  be  scheduled  next.  It  is  weighted  three  factors,  each  factor  explicity  con¬ 
siders  information  about  real-time  constraints  of  tasks  and  utilization  of  resources. 

We  will  modify  the  strategy  of  scheduling  and  searching  in  (5)  with  the  proba¬ 
bilistic  selection  scheme,  to  determine  whether  or  not  a  new  task  can  be  guaranteed  at 
a  node: 

1)  On  each  node  ,  there  is  always  a  set  of  guaranteed  tasks,  say  ,  and  a  current 
full  feasible  schedule  for  these  tasks. 

2)  When  a  new  task  arrives  at  P^  ,it  can  be  guaranteed  if  a  new  full  feasible  schedule, 
exists  for  the  J2+  1  {asks.  (i.e.  the  £  tasks  in  the  current  feasible  schedule 

remain  guaranteed  and  the  deadline  of  the  new  task  also  can  be  met). 

3)  If  the  new  task  is  guaranteed,  then  the  new  feasible  schedule,  containing  the  new  tasks, 
replaces  the  current  one.  the  feasible  schedule  determines  all  the  start  times 

for  the  tasks  currently  on  the  node,  and  will  not  be  changed  until  another  new 
task  is  guaranteed. 


% 


4)  U  (he  new  cask  cannot  be  guaranteed  at  P;  .  i.e.  the  local  schedules  cannot  find  a  full  feasible 
schedule  for  all  t*l  tasks,  then  the  probability  selection  scheme  and  the  optimal  path  algorithm 
is  invoked,  the  new  task  is  sent  to  the  node  P»;  which  has  the  maximum  probability  £  „.(.*)  ■ 

The  orgirual  current  feasible  schedule  for  tasks  previously  guaranteed  on  P, .  remains  unaltered. 


The  local  scheduler  determines  a  full  feasible  schedule  for  a  given  set  of  tasks  in 
the  following  way: 

It  begins  with  an  empty  schedule  and  tries  to  extend  it  with  one  task  at  a  time 
until  a  full  feasible  schedule  is  derived.  This  is,  in  fact,  a  search  problem.  The  struc¬ 
ture  of  the  search  space  is  a  search  tree-  The  root  of  the  search  tree  is  the  empty 
schedule.  An  intermediate  vertex  of  the  search  tree  is  a  partial  schedule.  A  descen¬ 
dant  of  a  vertex  is  an  immediate  extension  of  the  schedule  corresponding  to  the  vertex 
A  leaf,  a  terminal  vertex,  is  a  full  schedule.  The  Coal  of  our  algorithm  is  to  search  for 
a  leaf  that  corresponds  to  a  full  feasible  schedule. 

The  Heuristic  Scheduling  Algorithm  in  (5)  introduce  a  vector  EAT,  to  indicate  the 
Earliest  Available  Times  of  resources. 

EaT«(HaT1,EaT2. — JEATr). 

Where  EATi  is  the  earliest  time  when  resources  will  become  available. 

1.  At  each  level  of  the  search-tree,  the  local  scheduler  computes  (update)  the 

EST  (T),  the  Earliest  Stan  Time  of  the  task  T  that  remains  to  be 

scheduled,  EST  (T)=Max{EATi  I  T  needs  Ri),  and  the  NEW-E.-\T(T)  which  is  counting 

the  idle  (actors  ot  each  resource 
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II.  At  each  level  of  the  search-tree,  the  scheduler  calculates:  j 

DRLTR=(DRUR1JDRUR2, — ,DRURr),  the  Dynamic  Resource  Utilization  Ratio, 

(which  indicates  the  degree  to  which  tasks  that  remains  to  be  scheduled 

i 

will  use  the  resources),  where  i 

i 

I 

f  (C(T)  |  T  remains  to  be  scheduled) 

DRUR-  = 

c  - 

Max  (D(T)  |  T  remains  to  be  scheduled}  -  EATi. 

,  In  general,  DRUR^  1. 

The  heuristic  function  which  Zhao  introduced  is 

! 

H(T)=w,  *X,  (T)  +wj  *  X2  (T)  +  Wj  *  Xi  (J), 
where  X,  (T)=  D(T)  -  [EST(T)  +  C(T)j 

xtcn-  C(T) 

X3m-  DRUR-DRIF 

DRIF  is  the  vector  of  Dynamic  Resource  Idle  Factors. 

The  simulation  result  m(5)  showed  that,  with  properly  chosen  weight  factors  w( 

•wa  •  w3  *  heuristic  algorithm  is  almost  optimal. 

We  will  adopt  this  heuristic  scheduling  algorithm  at  each  node  to  fulfil  the 


resource  requirements. 


6.  Conclusions: 

This  is  only  a  prclimary  result  of  the  research  done  in  the  dynamic  task  schedul¬ 
ing  problem  with  resource  requirements  in  a  distributed  computer  system.  Several 
algorithms  were  introduced  in  this  area  of  research  but  this  is  the  first  one  to  consider 
the  system  as  whole  as  a  stochastic  network  in  order  to  achieve  the  system  wide 
optimization.  Certainly  a  lot  of  works  still  remain  to  be  done  but  the  simulation  works 
should  be  considered  the  very  next. 
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THE  DEVELOPMENT  OF  TWO  AND  THREE-DIMENSIONAL 


GRID  OPTIMIZATION  METHODS 

by 

C.  Wayne  Mastin 

ABSTRACT 

Optimization  methods  are  developed  and  analyzed  for  the  solution  of 
all  the  popular  variational  problems  in  grid  generation.  Comparisons  are 
made  between  the  different  variational  methods. 

I.  INTRODUCTION:  Variational  methods  in  grid  generation  have  recently 
become  a  viable  alternative  to  the  more  established  elliptic  methods. 

Their  appeal  is  likely  due  to  the  geometric  foundation  of  the  variational 
methods.  These  methods  were  derived  using  grid  properties  such  as 
distances  between  grid  points,  orthogonality  of  grid  lines,  and  the  volumes 
of  grid  cells.  Because  of  the  earlier  successes  of  elliptic  methods,  the 
first  solution  algorithms  consisted  of  converting  the  variational  problem 
to  a  problem  of  solving  the  elliptic  Euler  equations.  The  Euler  equations 
were  then  solved  using  available  finite  difference  algorithms.  This 
approach  was  used  by  Brackbill  and  Saltzman  [1],  and  Roache  and  Steinberg  [u]. 
One  disadvantage  in  this  procedure  is  that  the  Euler  equations  are  con¬ 
siderably  more  complicated  than  the  original  variational  integral.  Due 
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to  the  complexity  of  the  Euler  equations,  they  are  difficult  to  solve  and 
solution  algorithms  may  not  converge.  These  difficulties  have  led  to  the 
development  of  algorithms  for  the  direct  solution  of  the  variational 
problem.  This  approach  was  followed  by  Kennon  and  Dulikravich  [3]  and 
Carcaillet  et  al.  [2].  In  these  two  reports,  different  discrete  problems 
were  formulated  as  unconstrained  optimization  problems  and  then  solved 
using  a  conjugate  gradient  iterative  method.  There  are  several  advantages 
in  this  alternative.  The  original  geometric  properties  of  the  grid  are 
stated  precisely  by  the  discrete  problem.  Thus  there  is  no  truncation 
error  as  there  is  in  the  numerical  solution  of  the  Euler  equations.  Also, 
the  conjugate  gradient  and  similar  descent  methods  will  always  converge  to 
a  local  extrema.  However,  the  convergence  rate  may  be  very  slow. 

This  report  will  present  a  survey  of  the  types  of  integrals  that  may 
be  included  in  a  variational  problem  and  the  geometric  properties  that  each 
integral  imposes  upon  the  grid.  Optimization  methods  for  the  direct 
solution  of  the  variational  problems  will  also  be  covered.  A  Jacobi-Newton 
iterative  method  will  be  developed  and  compared  with  the  Fletcher-Reeves 
conjugate  gradient  method.  By  combining  the  simpler  Jacobi-Newton 
iteration  with  the  direct  solution  of  the  variational  problem,  one  has  an 
algorithm  which  is  easier  to  program  than  the  Euler  equations  and  requires 
less  storage  and  less  computer  time  per  iteration  than  the  conjugate 
gradient  method. 

II.  VARIATIONAL  INTEGRALS:  Variational  methods  may  be  used  to  influence 
three  geometric  properties  of  a  grid.  These  are  the  smoothness  of  the  grid 
point  distribution,  the  size  of  the  grid  cells,  and  the  orthogonality  of 
the  grid  lines.  Each  property,  smoothness,  cell  volumes,  and  orthogonality, 


can  be  assigned  a  numerical  value  by  evaluating  an  integral.  Most  of  the 
results  will  deal  with  three-dimensional  problems,  and  the  physical  and 
computational  variables  will  be  denoted  by  x,  y,  z  and  £,  n,  C>  respectively 
There  are  two  basic  smoothness  integrals,  one  using  the  gradient  of 
the  physical  variables  and  the  other  using  the  gradient  of  the  computa¬ 
tional  variables.  The  integrals  are  denoted  as  S1  and  S2  with  D  and  R 
the  computational  and  physical  regions. 

S1  -  | Vx | 2  +  | 7y | 2  +  | Vz | 2  dtdndc  (1) 

•  D 


s2  =  \U\2  *  |  Vn  I  2  +  |Vc|2  dxdydz 


”  (  |  rnxrc  J  2  +  I  Tj-xr  ^  |  2  ♦  |r^xrn|2)/J  d^dnd; 

•  D 


where  J  is  the  Jacobian 


5(x,y,z) 

3U.n,0 


and  r  =  (x,y,z)  . 


The  functions  minimizing  either  of  these  integrals  will  define  a  smooth 
mapping  between  the  physical  and  computational  regions  in  the  sense  that 
the  mapping  functions  are  harmonic  and  therefore  infinitely  differentiable. 
However,  the  mapping  defined  by  the  minimization  of  S1  may  not  be  one-to-one 
The  mapping  defined  by  the  minimization  of  S2  is  one-to-one,  but  the 
construction  of  the  mapping  is  more  difficult.  Current  methods  require  the 
numerical  solution  of  a  system  of  nonlinear  Euler  equations. 


For  the  two-dimensional  case,  there  is  a  simple  relation  between  the  above 


integrals,  (1)  and  (2),  and  the  elliptic  equations  commonly  used  for  grid 
generation.  Often  control  functions  are  included  in  grid  generation  methods 
to  distribute  grid  points  in  particular  regions.  On  introducing  arbitrary 
functions  P(^,n)  and  Q(£,n)  into  the  two-dimensional  version  of  S1  in  (1), 
it  follows  that 


P2|Vd2  +  Q2|Vn|2dxdy 


J  R 


( P2 ] r _ | 2  +  Q2|rrj2)/J  d£dn,  where  J  is  the 


3( x ,y) 

Jacobian  — - -.  The  Euler  equations  for  minimizing  this  integral  may  be 

3  ( £ ,  n ) 


written  as 


V2£  »  -UnQ)JvH2 


V2n  =  -( anP) n | V  n | 


or  in  computational  space,  with  r  =  (x,y),  as 


rn|2(r^  -UnQ)cre)  -  l^|2(rnn  -  UnP)nrn)  -  2(  ryr^r^  =  0. 


This  is  the  elliptic  system  with  control  functions 


$  *  (InQ)j.,  =  (inP)^. 

If  H  and  v  are  given,  then  the  correspond ing  control  functions  for  the 
variational  integral  ar» 


P  =  exp(Udn),Q  =  exp(UdO* 


M 


•Is? 


I 


a 


A  uniform  distribution  of  grid  cell  volumes  would  not  be  appropriate 
in  most  practical  applications.  However  a  near  constant  value  of  some 
weighted  value  is  often  called  for.  The  weight  may  depend  on  some  desired 
distribution  of  volumes  or  a  solution-dependent  quantity  used  to  define  an 
adaptive  grid.  From  a  variational  point  of  view,  the  optimal  volume  dis¬ 
tribution  could  be  defined  by  minimizing  the  integral 


V1  -  G  J  d£dnd£ . 


Here  G  is  the  product  of  a  given  weight  function  and  the  Jacobian,  that  is, 


3(x,y,z) 

G  -  —7 - —  w(£,n,c). 

3U.n,e) 


While  there  is  no  guarantee  that  the  variational  problem  will  have  a 
solution  which  gives  a  non-singular  mapping  between  physical  and  compu¬ 
tational  spaces,  it  can  be  noted  that  if  such  a  solution  exists,  then  the 
weighted  Jacobian  G  will  be  constant.  This  follows  from  the  Euler 
equations.  The  argument  is  simpler  in  the  two-dimensional  case.  The 


Tuler  equations  are  then 


GEyn  "  Gny E  “  0 


Vn  *  GnxE  "  °- 


and  if  it  is  assumed  that  the  Jacobian  x^.yn  -  xnyr  «  0,  it  follows  that 


Gr  ’  Gn  *  0 
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or  G  must  be  constant.  The  constant  is  determined  by  the  physical  region 


and  the  value  of  w  since 

G  d£dn  -  wdxdy.  (H) 

•  D  '  R 

There  is  one  other  volume  integral  that  should  be  considered.  If 

V2  -  1 7G [ 2d^d pdc ,  (5) 

•  D 

then  the  integrand  is  a  second  order  differential  expression  in  the 
physical  variables  x,  y,  and  z.  Consequently,  the  Euler  equations  are  a 
system  of  fourth  order  equations.  Now  there  must  be  two  boundary 
conditions  if  3  unique  solution  to  the  Euler  equations  is  to  be  determined 

One  condition  is  imposed  by  fixing  the  boundary  correspondence.  A  second 

condition  can  be  motivated  by  considering  a  lower  order  problem  where  0, 
the  integrand  of  V?,  is  a  single  dependent  function  of  t.ne  variables 
\ ,  n,  and  The  Euler  equation  would  then  be  Laplaces  equation 

72G  *  0. 

The  equation  has  a  unique  solution  if  G  is  given  on  the  boundary  of  the 
computational  region.  The  function  G  would  be  uniquely  determined  up  tc 
a  constant  value  if  on  the  boundary, 

Gf  >  1  for  1  ’  constant 

Gn  -  0  for  n  *  constant 


G 


0  for  q  *  constant. 


The  constant  value  would  again  be  determined  by  (^).  Either  of  these  types 
of  boundary  conditions  could  be  advantageous  in  grid  generation.  Being 
able  to  specify  the  value  of  G  along  the  boundary  would  aid  in  maintaining 
desired  distributions  of  grid  points  near  boundaries  such  as  is  needed  in 
grids  for  the  solution  of  problems  with  boundary  layers.  On  the  other 
hand,  the  derivative  boundary  conditions  for  G  would  be  of  value  when 
several  grids  are  patched  together  and  it  is  desired  that  the  cell  sizes 
vary  continuously  from  one  subregion  into  another.  The  latter  condition 
could  also  be  used  to  generate  a  more  uniform  distribution  of  G  over  a 
single  region. 

If  a  grid  is  orthogonal,  then 


0, 


where  r  -  (x,y,z).  Therefore,  one  measure  of  skewness  is  the  integral 


(r^*rn)2  ♦  (rn*rj.)2  ♦  (r^-r^)2  d£dnd;. 


(6) 


J  D 


The  integrand  depends  on  the  size  of  the  grid  cells  since,  for  example, 

rC  *  rn  "  Mr^ll  I  lrn  M  cos  9 


where  9  is  the  angle  of  intersection  between  the  £  and  n  grid  lines.  As  a 
result,  minimizing  the  integral  A1  would  have  little  effect  in  subregions 
with  extremely  small  cells.  For  grids  with  widely  varying  cell  volumes,  the 


following  integral  would  be  more  appropriate 


2 


2 


2 


d^dndc . 


(7) 


Irrespective  of  the  solution  algorithm  selected,  the  minimization  of  A2  is 
a  more  difficult  problem  since  the  integrand  is  a  rational  function  of  the 
physical  derivatives  rather  than  a  multinomial  as  in  A1 . 

With  the  variational  grid  generation  methods  one  selects  a  nonnegative 
linear  combination  of  the  form 

I  -  aSi  ♦  BVj  ♦  YAk,  (8) 

where  i,  j,  and  k  are  either  1  or  2.  Since  the  Vj,  and  Ak  may  be  of 
differing  magnitudes,  the  coefficients  a,  3,  and  Y  may  contain  scaling 
factors.  One  method  of  scaling  that  can  be  used  is  to  compute  values 
S^0^,  and  A^0'1  from  an  initial  algebraic  grid  and  then  select  non¬ 

negative  numbers  a,  b,  and  c  so  that 

a  ♦  b  ♦  c  -  1  . 


Now  if  we  choose 


o  (0)  o  (0) 

^i  *i 


a  »  a,  8  -  b 


VJ 


(0) 


.  y  -  c 


(0) 


then  the  initial  value  of  I  is  the  same  for  any  combination  of  a,  b,  and 


III.  OPTIMIZATION:  In  the  direct  solution  of  the  variational  problem  each 
integral  is  approximated  on  a  square  grid  in  computational  space.  Thus  the 
continuous  problem  of  minimizing  I  is  reduced  to  the  discrete  problem  of 
finding  a  minimum  value  of  an  objective  function 

F  -  l  Fi,j,k  (9) 

where  i,  j,  k  ranges  over  the  indices  of  the  grid  points.  The  grid  points 
on  the  boundary  would  be  included  although  it  is  assumed  that  these  points 
are  fixed.  Each  term  Fi  j  k  is  to  contain  all  difference  approximations 
centered  at  the  grid  point  r^  j  k  which  are  used  in  the  formation  of  the 
objective  function  F.  The  optimal  grid  is  found  by  obtaining  the  uncon¬ 
strained  minimizer  of  the  objection  function  F.  There  are  many  algorithms 
for  solving  optimization  problems.  An  algorithm  which  has  been  success¬ 
fully  implemented  in  grid  generation  is  the  Fletcher-Reeves  conjugate 
gradient  method.  The  method  can  be  used  with  any  of  the  variational 
integrals  of  the  previous  section.  Since  the  approximations  of  (2)  and  (7) 
involve  quotients,  it  is  possible  that  somewhere  in  the  iteration  scheme  a 
division  by  a  number  close  to  zero  may  occur.  This  problem  can  be  easily 
avoided  by  placing  a  lower  bound  on  the  denominators.  Only  a  two- 
dimensional  grid  problem  using  (2)  has  been  attempted  because  the  three- 
dimensional  integral  becomes  very  complicated  when  transformed  to 
computational  space. 

The  conjugate  gradient  and  related  descent  methods  nave  the  attractive 
feature  of  always  converging  to  a  grid  which  represents  a  local  minimum 
value  for  the  objective  function.  Their  use  in  the  solution  of  large 
three-dimensional  grid  generation  problems  may  not  be  very  efficient. 


At  each  Iteration  a  one-dimensional  minimization  problem  must  be  solved  to 


determine  the  optimal  step-size  in  the  descent  direction.  The  step-size 
problem  can  not  be  easily  solved  and  frequently  requires  several  evaluations 


of  the  objective  function.  This  is  especially  true  when  the  integrals  in 
(2)  and  (7)  are  included.  Therefore,  alternate  solution  algorithms  have 
been  investigated.  The  application  of  Newton  or  quasi-Newton  methods  for 


nonlinear  minimization  problems  in  grid  generation  does  not  appear  to  be 
practical  because  of  the  number  of  matrix  operations.  Motivated  by 
algorithms  which  are  used  to  solve  the  discretized  Euler  equations,  a 
Jacobi-Newton  method  has  been  selected  as  an  alternate  algorithm  for 
solving  the  optimization  problem.  The  following  development  covers  the 
basic  steps  of  the  algorithm. 

A  local  minimum  value  of  F  occurs  at  points  where 


VF  -  0, 


or  writing  this  system  in  component  form 


i.J.k 


3y  i.J.i 


i ,  j  ,k 
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This  system  is  to  be  satisfied  at  all  interior  grid  points.  Assuming  that 


F  is  given  in  the  form  of  (9),  these  three  equations  can  be  equivalently 
stated  as 


3F  n  _  n 

Jt  f  m  i  n 

l~ -  ,  U.m.n)  *  (i,j,k) 

3xi.j.k 


n 

E- -  ,  U.m.n)  «  (  i , j , k)  (10) 

3yi.J,k 


3Fil,m,  n 

E  — -  .  U.m.n)  -  (i.J.k). 

dzi.j,k 

The  sum  on  the  right-hand  sides  of  the  equations  is  understood  to  extend 
over  all  grid  point  indices  l,  m,  n  except  i,  j,  k.  Most  of  the  terms 
would  vanish  since  the  i,  j,  k  point  would  only  be  included  in  a  few 
difference  approximations  at  neighboring  points.  The  exact  number  of  non¬ 
zero  terms  would  depend  on  the  choice  of  variational  integrals  and  the 
derivative  approximations  used  in  the  integrands.  This  is  the  first  phase 
of  the  development.  The  name  Jacobi  is  attached  to  this  phase  only  because 
of  the  form  of  equations  (10).  For  the  next  step  in  the  development, 
vector  notation  will  be  used  and  (10)  will  be  expressed  simply  as 


3F 


i.  j.k 


3x< 


i.J.k 


3F« 


i,  j.k 
3yi,j,k 


3F 


i»  j.k 


3zi,j,k 


where 


r  *  (Xi,J.K-  yi,J,k' 


The  grid  optimization  procedure  is  an  iterative  process.  If  rQ  is  the 
initial  grid  point,  then  each  new  point  is  computed  from  the  equation 

f(rk)  -  g(ri<-i  )  t  k-  1,  2 . 


This  is  a  nonlinear  system  of  three  equations  which  can  be  solved  using 
Newton's  method.  In  all  of  our  examples  only  one  Newton  Iteration  was  used 
for  each  value  of  k.  In  fact,  for  certain  variational  integrals,  this 
system  is  linear  and  the  exact  solution  is  obtained  in  one  iteration. 

The  Jacobi-Newton  iterative  method  described  above  has  been  used  to 
solve  a  wide  range  of  two  and  three-dimensional  grid  generation  problems. 

So  far,  it  has  not  been  used  with  the  variational  integrals  S2  and  A2 
because  the  quotients  would  cause  the  Newton  iteration  equations  to  be  very 
lengthy.  Convergence  problems  have  not  been  encountered  except  in  some 
cases  where  the  grid  folded.  It  is  often  necessary  to  use  under-relaxation 
for  larger  problems,  so  that  actual  Newton  equation  is  of  the  form 


(S) 


,(S_1)  -  u>[f'(ru(s~1))]~1(f(ri,(S"1))  -  g(r 


k-1 


)) 


(11) 


where  0  <  ai  £  1.  Unlike  the  conjugate  gradient  methods,  this  method  may 
diverge  for  certain  initial  grids. 


III.  RESULTS:  The  following  examples  are  presented  to  demonstrate  the 
effect  of  the  grid  optimization  procedure  when  applied  to  a  large-scale 
three-dimensional  grid.  As  can  be  seen,  the  success  of  the  optimization 
process  depends  primarily  on  the  proper  choice  of  the  variational  integrals 
Included  in  (8).  When  a  decision  had  to  be  made  between  efficiency  and 
robustness,  it  was  the  policy  to  develop  a  robust  algorithm.  A  numerical 
step-size  determination  was  used  in  the  conjugate  gradient  iteration  even 
though  it  was  sometimes  possible  to  calculate  the  exact  optimal  step-size. 

A  conservation  value  of  u  -  .25  in  (11)  was  selected  although  larger  values 
led  to  faster  convergence  in  some  cases.  Ten  iterations  were  run  in  each 
case. 

A  three-dimensional  region  with  a  portion  of  the  boundary  grid  is 
depicted  in  Figure  1.  The  bullet-shaped  indention  in  the  end  of  the  region 
causes  the  interpolated  grid  to  be  highly  skewed.  An  interior  surface  grid 
constructed  by  transfinite  interpolation  is  shown  in  Figure  2.  An  optimized 
grid  appears  in  Figure  3.  The  objective  function  used  for  this  grid  was 


I  *  aS^  +  SV-,  ♦  YA? 


where 


(0) 


(0) 


a  »  0.25,  S  =*  0.25 


(0) 


v  -  0.5 


(0) 


In  an  effort  to  maintain  the  same  grid  distribution  as  in  the  algebraic  grid, 
the  volume  weight  function  in  was  chosen  to  be 


w(f,ntc)= 


(0)  | 


(0) 


(o; 
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The  derivative  boundary  conditions  were  imposed  on  G. 

The  selection  of  the  wrong  objective  function  may  result  in  an 
unusable  grid.  For  example,  if  the  choice  a  -  0  -  0  is  selected,  then 
the  grid  folds  over  the  bullet  as  plotted  in  Figure  H.  Even  with  the 
same  proportionality  weighting  of  geometric  properties,  if  A2  i3  replaced 
by  A1  ,  the  grid  of  Figure  5  is  produced.  The  near  orthogonality  at  the 
boundary  in  Figure  3  has  been  lost.  This  last  case  has  also  been  used  to 
test  convergence  rates  for  the  Jacobi-Newton  and  conjugate  gradient 
iterative  methods.  The  reduction  of  the  objective  function  for  both 
methods  is  plotted  in  Figure  6.  The  advantage  of  the  Jacobi-Newton  method 
is  even  greater  than  indicated  in  the  plot,  since  a  conjugate  gradient 
iteration  step  typically  took  twice  as  much  computer  time  as  a  Jacobi- 
Newton  step.  However,  in  cases  where  grid  folding  occurred,  the 
Jacobi-Newton  method  was  often  slower  or  even  diverged.  Grid  folding  is 
less  likely  to  occur  when  using  S2  rather  than  S1 ,  but  the  integral  S2  has 
not  been  included  in  our  three-dimensional  code.  The  weighting  used  in 
the  volume  integral  is  a  significant  factor  in  the  success  of  the 
variational  method.  If  the  function  w(£,n,c)  ■  1  is  used  in  V2,  then  ten 
3teps  of  either  optimization  scheme  produces  the  grid  in  Figure  7.  Except 
for  the  weight  function,  the  variational  integral  is  identical  to  the  one 
which  generated  the  grid  in  Figure  5. 

IV.  CONCLUSIONS:  There  are  many  variational  integrals  used  in  grid 
generation.  The  successful  application  of  variational  methods  depends  on 
tailoring  the  integral  to  the  physical  region  and  the  distribution  of  the 
desired  grid.  The  solution  of  the  variational  problem  can  be  computed 
using  the  traditional  optimization  methods  or  by  iterative  methods  similar 
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ABSTRACT 


A  commercial  ion  source  was  modified  and  used  in  a  strong  magnetic 

field  (19-38  Gauss)  so  as  to  enhance  the  background  ionization  in  a  vacuum 

chamber.  The  exit  grid  of  the  12cm  ion  source  was  covered  to  cut  its 

effective  area  in  half  so  as  to  reduce  the  gas  flow  to  the  chamber  and 

allow  for  more  variation  in  the  chamber  operating  pressure--at  an  operating 
-4 

pressure  of  2  x  10  Torr  and  19  Gauss  the  measured  electron  density  was 
3.5  x  10^/cc.  While  the  source  operated  in  this  manner  a  1  kev  electron 
gun  was  turned  on,  coaxially  with  the  ion  source  and  the  vacuum  chamber. 

The  electron  density  was  measured  at  several  points  across  the  electron 
beam.  Plasma  densities  were  found  to  decrease  exponential ly  from  the 
center  of  the  electron  beam  to  the  edge  of  its  self  generated  plasma  and 
then  remain  fairly  constant  out  to  the  chamber  wall.  This  region  of 
constant  density  was  that  of  the  ionization  from  the  ion  source.  The 
magnetic  field  was  then  doubled  and  the  density  profiles  indicated  that 
plasma  diffusion  outward  from  the  center  of  the  beam  was  governed  by 


dohm  di ffusion . 


1.  INTRODUCTION 


The  12  cm  electron  bombardment  ion  source  used  here  was  previously 
used  in  small  vacuum  chamber  applications  but  because  of  its  large  gas 
throughput  a  very  large  pumping  speed  was  required.  The  usual  result  was 
that  the  chamber  pumping  system  could  just  barely  handle  the  minimum  gas 
load  required  to  initiate  a  discharge  in  the  source.  As  a  result,  there 
was  no  flexibility  in  the  variation  of  test  parameters. 

in  oruer  to  reduce  the  required  gas  throughput  here,  the  exit  grid 

area  of  the  source  was  reduced  by  one  half.  Chamber  pressure  could  then 

-5  -4 

be  controlled  from  1  x  10  to  5  x  10  Torr  for  a  wide  range  of  gas  flows 
without  losing  the  discharge.  Measured  plasma  densities  in  the  3'  x  8' 
chamber  were  1-3  x  10^/cc  and  varied  by  about  30*  between  the  center  of 
tne  chamber  and  the  wall. 

Having  achieved  a  relatively  high,  stable  plasma  density  which  was 
readily  controlled,  our  interest  shifted  to  possible  uses  of  this  plasma, 
one  important  use  of  this  system  could  be  in  the  area  of  beam-plasma 
interactions.  A  1  kev  electron  gun  in  the  same  chamber  could  produce  a 
beam  whose  self  generated  plasma  was  the  order  of  5-3  x  10  /cc.  The 
Cul t  ground  plasma  from  the  ion  source  then  could  possibly  influence  inter¬ 
actions  between  the  self  generated  plasma  and  the  electron  beam.  An 
important  contribution  to  the  study  of  these  interactions  would  be  the 
diffusion  mechanism  of  plasma  outward  from  the  electron  beam.  If  the 
diffusion  model  could  be  identified  then  beam  plasma  interactions  might  be 
better  understood  at  a  later  time.  The  remainder  of  the  wort:  discussed 
in  this  report  was  centered  on  the  plasma  diffusion  mechanism. 


II.  PLASMA  DIFFUSION 


When  a  large  magnetic  field  is  applied  to  a  group  of 
electrons  the  electron  motion  along  the  field  is  not 
effected  but  the  motion  transverse  to  the  field  is 
constrained  to  circular  motion  about  the  magnetic  field 
lines.  This  constraint  limits  the  transverse  conductivity  of 
a  plasma.  The  electrons  and  ions  both  orbit  about  the  field 
lines,  but  the  ion  radii  are  much  larger  because  of  their 
larger  mass.  The  ions  in  a  plasma  then  are  not  as  easily 
magnetized  as  the  electrons  and  their  transverse 
conductivity  is  less  effected  by  the  magnetic  field. 

The  usual  way  in  which  electrons  diffuse  across  the 
field  lines  is  through  collisions.  As  the  electrons  orbit 
about  the  field  they  eventually  collide  with  other  particles 
and  undergo  a  random  walk  type  of  trajectory.  This  is  not  a 
very  efficient  process  because  of  the  relatively  large  mean 
free  paths  for  the  electrons.  A  much  more  efficient  way  to 
enhance  the  transverse  diffusion  of  electrons  is  to  have 
them  interact  with  plasma  waves.  Bohm  (  1 ) showed  that  plasma 
instabilities  can  have  high  frequency  plasma  oscillations 
associated  with  them  which  interact  strongly  with  the  plasma 
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electrons.  This  interaction  enhances  the  transverse  electron 
diffusion  by  orders  of  magnitude  over  that  due  to  collisions 
alone.  Bohm  also  postulated  that  the  form  of  the  diffusion 
coeficient  due  to  plasma  oscillations  (  called  the  Bohm 
diffusion  coeficient  )  should  vary  with  magnetic  field  as 


1/B .  The  collision  dominated  diffusion  coefficient  on  the 

2 


other  hand  varies  as  1/B  ,  and  so,  in  principle,  the  two 

diffusion  mechanisms  can  be  differentiated  by  varying  the 
magnetic  field. 


The  approach  taken  in  this  project  was  to  inject  an 
electron  beam  into  a  plasma  parallel  to  a  magnetic  field. 
The  electron  beam  tends  to  interact  with  the  plasma  and 
generate  plasma  oscillations  which  in  turn  enhance  the 
transverse  diffusion.  According  to  Szuszczewi cz  (  2  ) ,  the 
plasma  density  should  decrease  exponentially  from  the  beam 
center  and  the  decay  constant  should  vary  as  the  inverse 
square  root  of  the  diffusion  coefficient.  By  measuring  the 
plasma  density  transverse  to  the  beam  for  two  different 
values  of  magnetic  field,  the  field  variation  of  the 
diffusion  coefficient  can  be  found.  For  Bohm  diffusion  the 
exponential  decay  constant  varies  directly  as  the  square 
root  of  the  field  while  for  collision  dominated  diffusion  it 


varies  with  the  first  power  of  field. 


III.  EXPERIMENTAL  CONFIGURATION 


A  3'  by  8'  vacuum  chamber  was  configured  with  an 
electron  gun  on  one  end  and  a  plasma  source  on  the  other. 
Both  were  aligned  to  produce  beams  centered  on  the  axis  of 
the  chamber.  The  plasma  source  utilized  argon  gas  and 
resulted  in  a  chamber  pressure  of  0.2  millitorr.  A  hot 
filament  in  the  source  emited  electrons  which  were 
accelerated  and  ionized  the  argon  atoms.  Equal  numbers  of 
electrons  and  ions  were  extracted  through  an  exit  grid  so  as 
to  produce  a  plasma  density  in  the  chamber  the  order  of  10^ 
/cc.  The  electron  gun  was  operated  at  1  kev  energy  and  3-5 
ma  of  current,  well  below  the  threshold  for  initiating  any 
beam  plasma  discharge.  A  set  of  magnetic  coils  provided  an 
axial  magnetic  field  of  19  and  38  gauss.  A  cylindrical 
Langmuir  probe  was  moved  in  one  half  inch  intervals  across 
the  beam  region.  The  function  of  the  probe  was  to  measure 
the  plasma  electron  density  and  temperature.  The  electron 
density  measurements  were  ploted  on  semilog  graph  paper  and 
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they  did  not.  The  likely  explaination  for  this  behavior  is 
that  strong  plasma  oscillations  in  the  central  region  result 
in  Bohm  diffusion  and  a  large  transverse  conductivity  to  the 
probe.  Outside  this  region  the  plasma  oscillations  are 
absent  or  of  a  low  amplitude  and  the  transverse  conductivity 
to  the  probe  is  dominated  by  collisions  and  is  much  smaller 
and  the  electron  current  saturates . The  slope  of  the  density 
data  in  figure  1  increases  by  a  factor  of  1.5  as  the 
magnetic  field  doubled.  This  implies  that  the  slope  varies 
as  the  square  root  of  the  field,  the  diffusion  coefficient 
varies  as  the  inverse  of  the  field  and  Bohm  diffusion 
dominates  the  transverse  motion  of  the  electrons. 
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FIGURE  CAPTION 


FIGURE  1:  Semilog 
relative  position  of 
magnetic  field. 


plot  of  electron  plasma  density  vs 
the  Langmuir  probe  for  two  values 
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DECOMPOSITION  OF  1  ,  -.-BUTANED I  AMMON  IUM  DINITRATE. 


II.  SYNTHESIS  OF  INSENSITIVE  ENERGETIC  MATERIALS. 


Maurice  C.  Neveu 


ABSTRACT 


Samples  of  1 , 4-butanediammonium  dinitrace  were  thermally  decomposed 
in  the  temperature  range  175°C  to  275°C  and  the  decomposition  products 
-ere  analyzed  by  High  Performance  Liquid  Chromatogi uphv  (HPLC). 


Several  compounds  with  possibly  insensitive  high  explosive  properties 
were  synthesized:  3 , 5-dichloro-T ,4 , 6-trini troanisole ;  3 , 5-di amino-2 , 4 , 6- 
tr in it roan i sole ;  3-chloro-2, 4, 6-trinitrobenzoic  acid;  3-amino-2 , 4 , o- 
tr initrobenzoic  acid;  3-chloro-2 , 4 , 6-trini troaniso le ;  3-amin.>-2  , ,  n- 
t  r  i  ni  t  roani  so  le  ;  3-chloro-2,4,6-trinitrotoLuene;  3  -  amino-  1  r  i  n  1 1  rot  o  ;  in.  n 

3-ch loro-2, 4, 6-trinitrothioanisole. 


INTRODUCTION 


An  explosives  component  of  current  interest  is  1 , 4-butanediammonium 
Jmitrate  tBOD) .Mechanistic  studies  on  the  thermal  decomposition  of  BDD 
are  being  carried  out  mainly  by  Differential  Scanning  Calorimetry  (DSC). 

It  is  the  purpose  of  tais  work  to  supplement  the  DSC  studies  witli  High 
Performance  Liquid  Chromatography  (HPLC)  measurements,  by  detecting  chemical 

s;  iities  arising  during  tne  thermal  decomposition. 

Am  ther  aspect  o  ttiis  work  is  the  synthesis  >f  insens,  tive  High 
.osives  ,  especial!  t-.ose  analogous  to  3-amino-  . , 4 , 5- 1  rin 1 1  ro to luene  . 

- ::as  oeen  shown  that  I" N'T  is  markedly  desensitize  :  to  impact  and  shock 
oy  its  molecular  -.nodi:  ication  to  j-am  no- J  ,  a  ,  fc- 1  r  i  troto  luene  r.x-'losive 
■  iel,;  measurements,  Calculated  C.J  pressures  and  do'  onation  velocities 
indicate  improved  per; ormance  over  that  of  2, -trinit ro to luene . ‘ “ 

.  .e  syntactic  pathway  followed  was  generally  "hat  hour,  in  Fig.  !. 
n.Lwev  t  ,  other  pathways  were  followed  or  atcemptec  as  described  ir,  the 
next  section. 


Fig.  1 
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Hieh  Performance  Liquid  Chromatography  (HPLCj  Studies  . ■  f  Thermal 


Decomposition  of  1 , 4-Butanediammonium  Dinitrate  (bDD) 


Samples  of  BDD  were  heated  m  an  open  aluminum  Perk  in-Elmer 
Differential  Scanning  Calorimeter  (DSC)  cup  on  a  Fisher-Johns  melting 
point  apparatus  hot  stage  for  a  given  period  of  time  at  a  given 
temperature.  The  preweighed  sample  was  weighed  again  after  the  heating 
to  determine  any  weight  loss.  The  cup  was  then  dropped  in  a  vial 
containing  2.0  ml  of  HPLC  grade  methanol  to  dissolve  the  residue  in 
the  cup,  and  an  aliquot  of  0.15  ml  was  injected  into  a  V.'aters  High 
Performance  Liquid  Chromatograph  equipped  wit'::  a  refractive  index  detector, 
and  the  chromatogram  was  recorded  on  a  Gow-Mac  Model  7C-  190  chart  recorder. 

The  following  conditions  were  used  throughout  the  serie  of  measurements: 

•) 

flow  rate  1.5  ml/:ninute;  pressure  limit  4000  1  -> / in ~ ;  attenuator  64x; 

chart  speed  1  inch/minute.  The  mobile  phase  was  HPLC  gride  netaanol 

and  the  column  used  was  a  Waters  uBONPAPAK  C  .  _  containi  ig  low  polarity 

I  o 

stationary  phase  suited  for  reverse  partition  chromatography. 

BDD  was  prepared  by  the  addition  of  3.0  ml  of  15M  HN’O^  to  a  well-stirred 
solution  of  2.0  g  of  1 , 4-diaminobutane  in  25  ml  of  absolute  ethanol. 

A  solid  precipitate  was  collected  by  vacuum  filtration  and  recrvstallized 
three  times  from  95%  ethanol  to  give  the  BDD  product  melting  at  138. 0- 1  28 . 5°C 
BDD  samples  were  dried  in  a  vacuum  oven  at  70°C  before  use.  Many  sets 
of  temperature  and  heating  periods  were  used.  Each  set  was  run  at  least  in 
duplicate.  The  da t a  :n  Table  I  is  a  selection  from  the  total i tv  of  runs 
between  175  C  and  .  ' ..  '>C  chosen  to  give  increr  -  :  ts  ef  15  . 


\ 

TABLE  I 

4  Temperature 

Heating  Period 

%  Wt.  Loss 

Peak 

Position  (cm) 

i*" 

Percent  •,. 

:  (°o 

(minutes ) 

First 

Second 

2nd  Pe.iK 

30 

12.2 

5.  :  3 

6.09 

2.3  i 

'  175 

60 

15.8 

5.25 

6.16 

1.6  m 

200 

30 

9.1 

5.25 

6 . 04 

3.2  >, 

200 

60 

13.6 

5.25 

5.90 

4.3 

225 

20 

12.0 

5.25 

5.78 

9.0 

225 

30 

40.9 

5.25 

5.74 

57.0  Kjj 

225 

60 

50.0 

5.21 

5.74 

44.7  “ 

250 

20 

22.7 

5.20 

5.83 

68.4  is 

The  chromatograms  showed  two  peaks.  The  first  one  was  centered  at  D.23  cm 
from  the  injection  position  corresponding  to  a  retention  time  of  121  seconds 
The  second  peak  at  5.90  cm  corresponds  to  a  retention  time  of  139  seconds. 
The  intensity  of  the  second  peak  increases  as  temperature  am  period  of 
nearing  are  increased  indicating  that  it  is  due  to  a  decomposition  product. 
The  nature  of  the  decomposition  product  cannot  be  ascertaimd  at  this 
juncture  without  additional  information  such  as  mass  spectronetric  data. 

It  had  been  anticipated  that  pyrrolidinium  nitrate,  formed  from  cyclization 
of  3DD,  might  be  a  decomposition  product.  However,  an  authentic  sample  of 
it  run  in  the  same  manner  gave  a  peak  at  5.35  cm.  The  first  peak  is  the 
characteristic  one  for  unreacted  BDD.-  It  might  be  noted  that  there  is  a 
fairly  good  correspondence  between  Z'.l t.  Loss  and  intensity  of  the  second 
peak  tabulated  as  Percent  2nd  peak.  Especially  to  :u-  noted  is  the  large 
chance  it.  the  values  between  the  20  and  3  .  minute  runs  at  22 3*  0. 


to 
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3,5-31::hloro-2  ,  U  ,  6- 1  r  1  nitroar.isole  .  To  a  nitre*.  ing  r.ixtur 


ions:  stir.i 


of  U.U  nil  of  30?  oleum  (30?  S0^  in  concentrated  H^SC  )  r-.r.r  --  .  1  -.1  of 


90?  KNO-,  was  added  C.uO  g  of  3 . 5-dichloroaniscic .  The  soli*.  ion  was 


kept  in  ice  bath  for  one  hour  which  was  then  allowed  to  warm  to  25  C 

and  kept  at  that  temperature  overnight.  The  temperature  was  raised 

slowly  to  80°C,  kept  there  for  two  hours,  then  again  raised  slowly  to 
,o„ 


97  C  and  kept  at  that  temperature  for  four  hours.  The  reaction  mixture 
was  then  poured  into  100  ml  of  ice  water  to  yield  0.6l  g  of  a  light 
yellow  solid,  m.p.  05-36°C.  The  NMR  spectrum  indicated,  essentially, 
replacement  of  the  three  aromatic  protons  by  nitre  grou'  s. 
3,5-diamlno-2,4,6-tri.-.  itroamseie.  Anhydrous  anr  :r  ia  -a:  bubbled  for 
15  minutes  into  a  solution  consisting  of  3  <  5-3ic  niorc -2  ,  -» ,  u- 1  r  in  1 1  roam  sole 
dissolved  in  2  ml  of  absolute  ethanol.  The  solut.on  underwent  a  change 
from  colorless  to  red  to  orange  during  the  bubbling  process,  and  then 
to  yellow  after  a  3C  minute  reflux  period.  The  reaction  mi  cure  was 


poured  into  20  ml  of  ice  water  to  yield  0.051  g  of  a  yellow  solid  which 

.o. 


did  not  melt  when  heated  to  300  C. 

3-chloro-2 , k, 6- trlnltr obento lc  acid.  To  a  nitrating  mixture  consisting 


of  1.5  ml  of  30%  oleum  and  90%  HNO^  was  added  0.270  g  of  3-chlorobenroic 


acid.  The  solution  was  heated  at  95  C  with  stirring  for  5  days  to 

.o 


yield  0.116  g  of  white  solid,  m.p.  l8l-l82  C.  NNTd  analysis  indicated 
placement  of  three  nitre  groups  of  the  aromatic  ring. 

3-aml no -2, b , 6- trlnltro benzoic  acid.  Anhydrous  arnonia  was  bubbled  into 
a  solution  consisting  of  0.03^  6  of  3-chloro-2 ,6-tr  initrobentoic  acid 
in  2.0  ml  of  absolute  ethanol  for  fifteen  minutes.  The  solution  was  then 
refluxed  for  50  minutes  and  upon  cooling  added  to  10  ml  of  ice  water. 
Extraction  with  ether,  followed  by  evaporation  oi  the  ethe- ,  yielded 

0.026  g  of  yellow  so.. 1  which  did  not  melt  when  nested  to  00°C . 
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3-chloro-?,4  ,6-crlt  .  t  i  oan  1  sole.  A  mixture  con*  :  :lng  o'  *n  i  ot  cone  . 

,  2  ml  of  cone  HNO^  and  0.50  g  of  )-cl'lcf  canisoU  w  is  he.ited 
gradually  to  95°C  over  a  period  of  4  hour*  in  i  water  hat'*.  The  heat 
was  Chen  turned  off  and  the  bach  allowed  to  stand  overnight.  The  reaction 
mixture  w«J  poured  Into  100  ml  of  Ice  water  tc  vield  0  59  g  of  nranfe* 
red  iolld ,  m.p.  ?5-?8°C.  NKP  Analysis  Indicated  placement  of  three  nitre 
group*  on  the  aromatic  ring. 

3~anlno»21416~trlnltroanlaole.  Anhydrous  ammonia  wax  bubbled  for  one-half 
hour  through  a  aolution  containing  0.051  g  of  } -chloro- 2, 4 , 6- t r l nl t roan l sc 
d  1  saolved  In  10  ml  of  abaolute  ethanol.  The  aoludon  turned  brown 
immediately  at  the  beginning  of  the  bubbling  process.  The  reaction 
fixture  was  then  rerluxed  for  one-half  hour.  T-c  volume  c !  the  reaction 
was  reduced  to  3  ml  7  “is  was  then  poured  Intc  .  )  ml  o:  :  «.*  water 

After  centrifugation,  .,013  of  starting  xato:  .  *  1  v  m. ;  .  •  -  '  r.  .  „  -  t  ^ 

The  supernatant  was  ad<led  to  20  ml  of  ice  wate:  .  Mo  eryst;  is  forme* 
even  after  allowing  it  to  atand  In  a  cold-room  -slntiin-j  At  3°C 
overnight.  The  sque-ius  solution  was  extracted  v;th  ethe:  *.  ■»  yield 
0,036  g  of  yellow  S'li.l  which  did  not  melt  vhr r  heated  .?  t  : 

3-chloro-2 ,  * , 6-tr I n . t  rotoluene .  To  a  nitrating  ature  insisting  ?f 
3.0  ml  of  155  oleuh  and  1.3  u.1  of  90S  KNO^  was  added  0.13  g  of 
3-chloroto]  ue.ne .  The  mixture  was  maintained  at  60°C  over  a  period  of 
one  hour  and  then  at  95°C  for  3  hours  after  wh.:n  it  was  poured  into 

10C  rti  of  ice  water  to  yield  O.83  g  of  .  Ight  y  •  .  1  ow  c  ry  s  t  \  1  5  .  -  .  p  . 

.  aO_ 

C.  NMB  analysis  indicated  the  placement  of  three  m*trn  groups 
on  the  aromatic  ri:.»  . 


Preparation  of  3-chloro-2 , 4 ,6-trinitrobenzoic  acid  was  carried 
out  via  oxidation  of  3-chloro-2  ,U  ,6-trinitrotoluene  with  IJa  Cr  0^  *21:^0 

d  d  \  ii 

in  concentrated  H„S0,  .  In  a  representative  reaction  3.30  g  of 
3-cnioro-2 ,6-trinitrotoluene  was  dissolved  in  50.0  ml  of  concentrated 
HgSO^  and  it. 23  g  of  211^0  was  added  porticnwise  over  a  period 

of  70  minutes.  The  temperature  rose  from  23.5°C  to  33.0°C  during  the 
addition  and  a  color  change  from  yellow  to  brown  was  observed  during 
that  period.  The  reaction  mixture  was  placed  in  a  water  bath  maintained 
at  -5-50''J  arm  allowed  to  sit  wit:,  stirring  for  3  days  by  which  ti::.w  tr. 
color  had  changed  tc  green. The  reaction  mixture  was  poured  into  500  ml 
ice  water,  and  0.-9  g  of  solid  precipitated.  HMR  analysis  of  the  solid 
indicated  it  to  be  about  6"%  starting  material  and  3 550  3-chiorc-C ,- ,o- 
trinitrobenzoic  acid.  The  aqueous  layer  was  extracted  with  350  ml  of 
ether.  After  evaporation  of  the  ether,  2.6  g  of  a  solid  was  obtained. 

solution  was  acidfied  with  and  extracted  with  ether  to  yield  a  so 

,  ,o 

which  melted  at  l;o-l:b  C.  MIR  analysis  of  both  senes  corresponded  tc 
c-ehlorc-2 , - , 6-trini t rcber.sc i c  ac i : .  This  melting  joint  correct  cr.  led 
i-ite  ve_l  with  the  ::.e_t  i:.m  joint  of  the  rrouuct  of  r.  if  ratio:,  of 
o-chiorobenzoic  aciu  reporteu  above. 

Attempts  were  made  to  convert  3-ar.inotoluene  to  c-amino-2 ,  , o- 
tr ir.itrotoluene  by  converting  the  amir.o  group  to  a  carbamate  with 
ethyl  chlorocarbonate  to  protect  it  during  the  nitration  of  the  arcrr.ati 
ring  and  subsequently  removing  the  protecting  group  by  hydrolysis 
to  give  Sue  ;esire  ;  ‘.-anino-2  .•»  .6- trinitrotoluene .  The  scheme  war 
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1. 


Introduction 


This  report  discusses  recent  progress  in  the  development  of  a 
real-time  beam  profiling  system  to  be  used  in  the  Air  Force  Weapons 
Laboratory  (AFWL)  Laser  Damage  Laboratory  [1].  The  objectives  of  that 
development  effort  are  real  time  operation  with  adequate  spatial 
resolution  and  wide  dynamic  range.  During  the  Mini-Grant  period, 
measurements  were  made  to  evaluate  the  use  of  two  solid  state  imaging 
devices  (SSID)  in  the  system.  The  results  of  those  measurements  are 
presented  and  discussed  here. 

SSID's  are  attractive  for  beam  profiling  because  they  do  not 
contain  a  scanning  electron  beam.  Thus  many  problems  associated  with 
conventional  camera  tubes,  such  as  geometric  distortion,  image  burn-in, 
and  capacitive  lag  are  eliminated  or  minimized  (2).  The  SSID's  used  in 
the  present  study  included  a  f rame-transfer  charge-coupled-device  (CCD) 
camera  [3]  and  a  charge- injection-device  (CID)  camera  [4]. 

A  brief  description  of  the  beam  profiling  system  is  presented  along 
with  the  specific  interfacing  requirements  of  the  SSID's  used  in  the 
study.  Performance  of  each  SSID  was  determined  by  measurements  of  fixed 
pattern  noise,  dynamic  range,  and  modulation  transfer  function.  The 
measurements  are  described  and  their  results  presented  and  discussed. 
Finally,  images  of  a  CW  diode  laser  beam,  obtained  with  each  SSID,  are 
presented. 

2.  System  Description 

A  block  diagram  of  the  beam  profiling  system,  as  it  was  configured 
for  this  study,  is  shown  in  figure  1.  The  spatial  distribution  of  light 


Figure  1.  BLock  diagram  of  the  SSID/8-bit  image  processor  beam 
profiling  svstem. 

( the  image)  incident  on  the  sensor  under  test  varied  depending  on  the 
specific  measurements  being  made,  but  in  all  cases  it  consisted  of  the 
coherent  output  of  a  633  nm  helium-neon  laser.  The  camera  video  output 
is  digitized  in  the  computer  (an  RCI  Trapix  5500  image  processing 
system)  to  a  maximum  of  256  grey  levels  (8  bits)  and  displayed  on  the 
512  pixel  X  512  pixel  monitor.  An  external  and  versatile  set  of 
software  programs,  some  of  which  will  be  described  later,  enable  a  wide 
variefv  of  interactive  and  batch  mode  image  analysis/processing 
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operations.  Selected  images  may  optionally  be  stored  in  the  hard  disk 
memory . 

The  8-bit  image  processor  can  accept  camera  data  in  either  RS 
170/NTSC  standard  video,  non-standard  video,  or  even  digital  format. 

The  CID  camera  used  in  this  study  (GE  model  TN  2509)  outputs  a 
non-standard  video  signal.  For  the  image  processor  to  properly  receive 
such  a  signal,  it  must  be  accompanied  by  a  pixel  clock  plus  horizontal 
and  vertical  reset  signals,  all  in  TTL-compatible,  differential  form. 

The  CID  camera  provides  these  control  signals  in  single-ended  form; 
thus,  the  interface  circuitry  for  it  (see  fig.  1)  consists  of  a  simple 
differential  line  driver.  The  CCD  camera  (VSP  Labs  model  SC  505) 
outputs  standard  video,  which  the  image  processor  can  format  to  512  X 
512  with  a  1:1  aspect  ratio  without  additional  control  signals.  Thus  no 
interface  circuitry  is  needed  with  that  camera. 

The  fact  that  it  outputs  standard  video  gives  the  CCD  camera  a 
significant  advantage  when  used  in  the  AFWL  beam  profiling  system.  This 
is  because  many  of  the  system's  image  analysis/processing  software 
programs  can  be  used  only  with  standard  video  images.  For  example, 
whereas  both  the  gain  and  offset  of  the  digitizer  voltage  window  can  be 
adjusted  to  improve  the  grey  level  range  of  digitized  standard  video 
images,  only  the  offset  can  be  adjusted  with  non-standard-video  images. 

3.  Fixed  Pattern  Noise 

Also  called  spatial  uniformity  of  sensor  responsivity ,  fixed 
pattern  noise  is  the  non-random  pixel-to-pixel  variation  of  sensor 
output,  both  for  dark  current  (no  illumination)  and  uniform  illumination 
of  the  sensor.  To  obtain  data,  the  grey  level  offset  of  each  camera  was 
first  adjusted  (using  system  software)  for  optimal  suppression  of 
background  noise.  Then,  dark  current  frames  were  obtained  and  stored 
(in  the  hard  disk  memory)  with  the  sensors  covered,  and  frames  for  two 
levels  of  uniform  illumination  were  obtained  and  stored  using  the 
optical  arrangement  illustrated  in  figure  2.  Neutral  density  filters 
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Figure  2.  Optical  arrangement  used  to  measure  fixed  pattern  noise  of 
the  SSID  sensors. 


were  used  to  adjust  the  intensity  of  the  laser  light,  which  was  focused 
with  a  10X  microscope  objective  and  used  to  illuminate  the  23  urn  diame¬ 
ter  pinhole  of  a  spatial  filter.  The  central  lobe  of  the  resulting  Airv 
diffraction  pattern  expanded  to  a  diameter  of  approximately  8  cm  at  the 
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plane  of  the  camera  sensors,  whose  positions  were  adjusted  so  as  to  be 
optimally  centered  in  the  beam.  The  dimensions  of  the  CCD  and  CID 
camera  sensors,  6.0  x  4.5  mm  and  7.3  x  7.1  mm,  respectively,  were  much 
smaller  than  that  of  the  diffraction  pattern,  thereby  assuring 
reasonably  uniform  illumination. 

Typical  data  frames  are  shown  in  figure  3  for  the  CCD  camera  and  in 
figures  4  and  5  for  the  CID  camera.  The  unenlarged  images  in  figures  4a 
and  5a  show  that  the  CID  images  do  not  use  the  full  512  X  512  monitor 
frame.  This  is  because  of  the  non-standard  video  nature  of  the  CID 
camera  output.  The  camera  sensor  has  a  260  horizontal  by  253  vertical 
square  pixel  format  which  is  transmitted  to  the  image  processor  one 
pixel  at  a  time  via  the  above-mentioned  control  signals.  Thus,  only  the 
central  260  X  253  pixels  of  the  512  X  512  image  processor  (and  its 
monitor)  are  used.  System  software  also  permits  image  enlargement  up  to 
8X.  For  example,  figure  4b  and  figures  5b  and  5c  are  2X  enlargements  of 
figures  4a  and  5a,  respectively.  The  fringes  evident  in  figures  3b  and 
3c  are  due  to  coherent  interference  effects  caused  by  a  protective  glass 
faceplate  provided  with  the  CCD  camera,  which  could  not  be  easily 
removed.  The  CID  camera  was  provided  with  a  protective  faceplate  also, 
but  it  was  easily  removed.  Thus,  fringing  was  not  a  problem  with  that 
camera  as  evidenced  in  figures  5b  and  5c. 

Analysis  of  the  stored  data  frames  was  performed  using  a  series  of 
system  software  programs  that  calculate  grey  level  statistics  of  any 
portion  of  an  image.  Thus,  the  superimposed  histograms  in  figures  3,  4, 
and  5  indicate  the  distribution  of  pixel  grey  levels  (from  0-255) 
throughout  each  frame.  System  software  can  also  compute  grey  level 
means  and  standard  deviations;  thus,  for  example,  in  figures  3b  and  5b 
the  means/standard  deviations  are,  respectively,  96.3/6.2  and  102.6/2.8. 
The  profiles  superimposed  in  the  figures  indicate  the  variation  of  grey 
levels  along  the  line  of  pixels  directly  beneath  the  straight-line 
cursor.  Except  for  the  effects  of  the  interference- induced  fringes  in 
figure  4,  the  profiles  are  quite  flat,  indicating  the  absence  of 
geometric  distortion,  which  is  a  problem  with  electron-beam  scanned 
devices  such  as  the  silicon  vidicon  [1,5],  The  integers  96  and  98  in 
figure  3c  illustrate  the  magnitude  of  the  interference  effect  caused  by 
the  faceplate  on  the  CCD  camera. 

To  quantify  the  spatial  variation  of  sensor  responsivitv ,  the 
percent  pattern  noise,  defined  as  the  ratio  of  grey  level  standard 
deviation  to  grey  level  mean,  was  calculated  for  both  the  full  sensor 
and  the  central  2.5  X  2.4  mm  portion  thereof  for  each  camera  using 
system  software  and  the  image  frames  shown  in  figures  3,  4,  and  5.  The 
results  are  given  in  table  1,  from  which  three  observations  can  be  made. 
First,  note  that  for  each  camera  taken  separately,  pattern  noise  values 
for  the  central  2.5  x  2.4  mm  portion  of  the  sensor  are  very  similar  to 
those  for  the  full  sensor.  This  further  illustrates  the  absence  of  anv 
serious  geometric  distortion  with  these  SSID  cameras.  Next,  the  dark 
current  pattern  noise  of  the  CCD  camera  is  significantly  lower  (better) 
than  that  of  the  CID  camera.  Finally,  the  photosensitivity  pattern 
noise  (  respons  ivity  to  uniform  illumination)  of  the  CID  camera  appears 
to  be  better  than  that  of  the  CCD  camera,  an  apparent  contradiction 
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Table  1.  Percent  Pattern  Noise  (grey  level  standard 
deviation/grey  level  mean)  of  the  two  SSID 
sensors . 


CAMERA 

PORTION  OF  SENSOR 

DARK 

CURRENT 

UNIFORM 

ILLUMINATION 

CCD 

Full  6.0  x  4.5  mm 

12.1 

6.5 

Central  2.5  x  2.4  mm 

11.7 

6.  1 

CID 

Ful 1  7.5  x  7.1  mm 

17.4 

2.7 

Central  2.5  x  2.4  mm 

17.1 

2.3 

since  the  CID  camera  has  a  higher  dark  current  pattern  noise  figure. 

This  can  probably  be  explained  in  terms  of  the  faceplate- induced 
interference  problem  observed  with  the  CCD  camera  (see  figure  3)  but 
not  with  the  CID  camera.  With  its  faceplate  removed,  the  CCD  camera's 
photosensitivity  pattern  noise  may  be  comparable  to  that  of  the  CID 
camera . 

4.  System  Dynamic  Range 

In  this  study,  dynamic  range  was  defined  in  terms  of  the  range  of 
input  optical  intensities  producing  a  linear  variation  of  video  voltage 
in  one  image  frame.  Since  the  beam  profiling  system  involves  two 
voltage  windows,  i.e.,  that  of  the  SSID  camera  and  that  of  the  8-bit 
digitizer,  the  dynamic  range  of  the  system  is  set  by  the  component  with 
the  smaller  voltage  window.  Furthermore,  since  the  camera  video  signal 
can  easily  be  attenuated  before  it  enters  the  computer  (see  figure  1), 
the  voltage  window  of  the  camera  can  always  be  made  smaller  than  that  of 
the  digitizer,  making  the  dynamic  range  of  the  system  identical  with 
that  of  the  camera.  Alternatively,  for  cameras  or  video  signals  with 
voltage  windows  much  smaller  than  that  of  the  digitizer,  an  amplifier 
can  be  used  to  ensure  full  use  of  the  256  level  grey  scale  range  of  the 
digitizer . 

To  measure  camera  dynamic  range,  a  suitable  lens  was  added  to  the 
arrangement  of  figure  2  such  that  the  pinhole  was  imaged  onto  the  device 
sensor.  The  resulting  video  signal  was  monitored  with  an  oscilloscope. 
Starting  with  the  illumination  level  at  which  sensor  saturation  became 
barelv  evident  on  the  oscilloscope  (defined  as  the  100%  transmittance 
level),  the  laser  was  attenuated  with  neutral  density  filters  of  various 
transmittances  and  the  amplitude  of  the  resulting  video  signal  recorded 
at  each  transmittance  level.  The  results  were  then  normalized  to  their 
respective  maximum  values  and  least-squares- f itted  with  straight  lines, 
as  shown  in  figure  6.  the  noise  level  line  shown  in  the  figure 
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Figure  6.  Results  of  the  dynamic  range  measurements. 

represents  that  of  both  cameras  because  their  normalized  noise  values 
were  virtually  identical.  Note  that  this  result  is  based  on  the 
assumption  that  the  data  in  figure  6  continues  its  linear  dependence 
from  the  lowest  measured  transmittance  level  (8.4%)  to  the  noise  level. 
To  verify  this  assumption,  more  data  near  the  noise  level  would  be 
needed . 

Assuming  that  the  data  in  figure  6  is  linear  from  the  saturation 
level  (100%  light  transmittance)  to  the  noise  level,  the  dynamic  range 
is  the  ratio  of  the  maximum  and  minimum  optical  intensities  above  the 
noise  level,  i.e.,  100%  divided  by  the  percent  light  transmitted  at 
which  the  least-squares-f it  and  noise  lines  intersect.  In  figure  6,  the 
intersections  are  at  5.9%  and  2.1%,  respectively,  for  the  CCD  and  CID 
cameras.  Therefore,  their  dynamic  range  are  approximately  17  and  47, 
respectively. 

5.  Modulation  Transfer  Function  (MTF) 

The  MTF  of  an  optical  sensor  is  the  rolloff  of  sensor  response  with 
increasing  spatial  frequency.  It  characterizes  the  ability  of  the 
sensor  to  resolve  fine  detail  within  the  object.  In  beam  profiling,  the 
detection  of  fluctuations  such  as  hot.  spots  would  depend  on  this 
property  of  the  sensor. 

To  measure  the  MTF's  of  the  two  subject  SSID's,  the  optical  svstem 
of  figure  2  was  modified  as  shown  in  figure  7.  The  Airy  diffraction 
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Figure  7.  Optical  arrangement  used  to  measure  sensor  modulation 
transfer  functions. 


pattern  produced  by  the  pinhole  was  collimated  with  the  first  lens  in 
the  figure  and  used  to  uniformly  illuminate  a  chromium  USAF  1951 
resolution  test  target,  which  uses  pairs  of  orthogonal  3-bar  patterns  to 
synthesize  a  wide  range  of  spatial  frequencies.  Portions  of  the 
illuminated  test  target  were  then  imaged  onto  the  camera  sensor  with  the 
second  lens,  which  was  positioned  for  unity  magnification.  Typical 
images  are  shown  in  figures  8  and  9  for  the  CID  and  CCD  cameras, 
respectively.  Figures  8a  and  9a  show  that  the  CID  camera  produces  a 
much  smaller  image  of  the  test  target  than  the  CCD  camera.  This  is  a 
result  of  the  relative  sizes  of  the  active  pixel  elements  in  the  two 
sensors.  The  pixels  in  the  CID  sensor  are  approximately  3  times  as 
large  on  a  side  as  those  in  the  CCD  sensor.  Thus,  the  amount  of  light 
that  illuminates  one  CID  pixel  and  is  transmitted  to  one  image  processor 
pixel  will  illuminate  approximately  9  CCD  pixels  and  occupy  9  image 
processor  pixels.  This  point  is  further  illustrated  by  figure  8b,  a  3X 
software  enlargement  of  figure  8a,  which  shows  approximately  the  same 
portion  of  the  test  target  as  the  IX  image  in  figure  9a.  Figures  8c  and 
9b  illustrate  the  relative  resolution  of  the  two  cameras  at  spatial 
frequencies  above  16  mm  (test  target  group  4  and  above).  The  CCD 
camera  is  clearly  better. 

To  obtain  MTF  curves,  enlarged  images  of  various  portions  (spatial 
frequencies)  of  the  test  target  were  then  analyzed  using  system 
software.  At  each  spatial  frequency,  the  digitizer  grey  levels 
representing  maximum  and  minimum  image  irradiance  (g  and  g  .  , 

respectively)  were  obtained  from  appropriate  profilesaand  useS^o 
calculate  the  relative  modulation  M  using  the  expression  M  =  (g 
g  .  )/(g  +  g  .  ).  This  was  done  for  both  vertical  and  horizontal 

spatial  frequencies.  For  example,  the  images  used  to  measure  the 
vertical  frequency  responses  of  the  CID  and  CCD  cameras  are  shown  in 
figures  10  and  11,  respectively.  The  decreasing  min imum/max imum 
excursion  of  the  profiles  shown  in  the  two  figures  illustrate  the 
rolloff  of  the  vertical  frequency  responses  of  the  two  cameras.  The 
results  of  analyzing  these  and  similarly  images  are  described  and 
plotted  in  figures  13  and  1 1,  respectively,  for  the  CfD  and  CCD  cameras. 
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gure  14.  Histogram  (a)  and  profile 
(b)  of  CID  camera  image 
of  a  1.06  um  CW  diode 
laser  beam. 


Figure  15.  Histogram  (a)  and  profile 
<b)  of  CCD  camera  image  of 
a  1.06  un  CVi  diode  laser 
beam . 


own  m  figures  14  ami  15,  respectively,  for  the  01!)  and  COD  cameras.  As  explained 
ov,  the  *  wo  cameras  produce  different  size  images  on  the  monitor  because  their  sensor 
xe'.s  are  of  different  sizes. 


.•e .  iiid  *  hat  *  ne  haziness  surrounding  f  he  •.  i  rcilar  liode  mage  is  lae 
scattered  diode  light  and  not  to  some  sat  urat  ion  -  i  nduced  blooming 
f *>r*  .  This  latter  point  is  supported  bv  both  the  upper  end  at  the 
st  igrams,  which  are  well  below  saturation  I f he  right  edge  ot  the  mage 
rder  t  and  the  gradual  decay  ot  the  distribution  peak  .it  f  he  low  end  of 
e  histogram.  The  <  nmponont  of  this  distribution  representing  dark 
rr«*nt  Ir  ons  iff  much  more  rap  id  l  v,  as  shown  i  n  t  igures  la  and  *. 
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7.  Summary  and  Conclusions 

The  AFViL  beam  profiling  system,  configured  for  the  use  of  two  SSID 
cameras  and  an  8-bit  image  processor,  has  been  described  and  evaluated. 

The  versatility  of  the  system  permits  the  use  of  a  suitable  video 
amplifier  or  attenuator  to  ensure  full  use  of  both  the  dynamic  range  of 
the  sensor  and  the  256  grey  levels  of  the  digitizer. 

The  CID  camera  requires  a  differential  line  driver  in  order  to 
interface  with  the  image  processor.  Because  the  CCD  camera  outputs 
standard  RS  170/NTSC  video,  it  needs  no  interface  circuitry. 

Furthermore,  because  of  the  CCD  camera's  standard  video  format,  more  of 
the  system's  image  analysis/processing  software  programs  can  be  used 
with  it  than  with  the  CID  camera. 

The  performance  measurements  showed  that  the  CCD  camera  has  better 
dark  current  pattern  noise  and  wider  spatial  frequency  bandwidth 
(resolution)  than  the  CID  camera.  On  the  other  hand,  the  CID  camera 
appears  to  have  a  slightly  wider  dynamic  range  than  the  CCD  device,  but 
further  measurements  are  needed  to  confirm  this  result.  A  fair 
comparison  of  the  photosensitivity  pattern  noise  of  the  two  devices 
could  not  be  made  because  the  permanent  protective  faceplate  on  the  CCD 
camera  caused  interference  fringes  that  were  not  present  with  the  CID  camera. 
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I.  INTRODUCTION _ 

Recent  studies  have  demonstrated  the  feasibility  of  using  laser 
Raman  spectroscopy  as  a  structural  probe  in  biophysical  aspects  of  eye 
research  (1,2).  The  success  achieved  In  the  determination  of  sulfhydryl 
concentration  changes  along  the  optical  axis  during  aging  suggests  Its 
use  In  determining  structural  changes  in  corneal  glycosamlnoglyeans.  No 
precedent  for  this  type  study  exists  in  the  biochemical  literature.  An 
extensive  literature  review  has  indicated  only  one  publication  involving 
Raman  spectroscopy  of  glycosaminoglycans  from  commercial  sources  (3)  and 
one  report  of  spectra  of  intact  feline  corneal  collagen  14).  Our 
laboratory  has  been  involved  in  a  study  of  age  related  changes  in 
corneal  glycosaminoglycans  using  high  performance  liquid 
chromatography.  The  use  of  laser  Raman  spectroscopy  as  a  structural 
probe  for  these  changes  is  an  extension  of  this  work.  We  have  developed 
a  microcomputer  interfaced  laser  Raman  spectrometer  for  this  purpose. 

Biological  applications  of  Raman  spectroscopy  have  Increased  with 
the  advent  of  reliable  Instrumentation,  in  particular,  laser  sources. 

Raman  spectroscopy  offers  several  advantages  over  traditional  methods 
in  determining  structural  characteristics  of  biomolecules.  Spectra  are 
amenable  to  molecular-level  interpretation  with  accessible  low  frequency 
modes  sensitive  to  conformational  changes  in  the  molecule.  Sample  size 
requirements  are  small  and  spectra  can  be  determined  in  "he  liquid  or 
solid  phase  or  in  solution.  There  is  minimal  Interference  by  water  lr. 
the  spectral  region  from  2000-20 0  cm"1  and  therefore  aqueous  solutions 
of  biological  systems  may  be  studied.  The  primary  disadvantage 
encountered  in  biological  systems  is  the  Interference  from  fluorescent  or 


luminescent  background  which  accompanies  irradiation  of  biological 
systems  with  intense  laser  sources  j5.6). 

IX.  MATERIALS  AND  METHODS 

Monochromator  -  The  monochromator  serving  as  the  central  element 
of  the  spectrometer  system  is  the  SPEX  Model  1403  which  was  made 
available  for  this  project  through  Los  Alamos  Laboratories.  The  1403  is 
a  modified  Czerny-Turner  0.85-m  double  spectrometer.  It  has  an  aperture 
of  f/7.8  and  stray-light  rejection  of  10_1V  The  spectrometer  Is  equipped 
with  two  kinematically  mounted  1800  gr/mm  holographic  gratings  yielding  a 
resolution  of  0.15  cm’1  at  5791  Angstroms.  The  spectral  region  of  31000- 
11000  cm’1  is  covered  by  a  ministep  drive  unit  allowing  Increments  as 
fine  as  0.0025  cm’1  with  an  accuracy  of  +/-  1  cm’1  over  10000  cm  1  and  a 
repeatability  of  */-  0.2  cm-1.  The  system  has  four  straight,  bilaterally 
adjustable  slits  continuously  adjustable  from  3  microns  to  3  mm.  Scan 
control  of  the  spectrometer  is  via  a  SPEX  CD2A  C0MPUDRIVE 
microprocessor-based  scan  controller.  In  the  present  configuration,  the 
CD2A  is  operated  in  burst  mode  allowing  incremental  scan  as  small  as  one 
motor  step.  External  triggering  and  status  lines  permit  communication 
with  external  peripheral  devices.  Shared  control  with  a  computer  system 
is  available  through  a  two-way  RS232  interface. 

LASER  -  The  laser  source  chosen  for  the  spectrometer  system  is  the 
Coherent  INN0VA  70  series  argon  ion  laser.  The  laser  is  a  two  watt 
multiline  laser  capable  it  supplying  900  milliwatts  at  514.5  nm  mi 
milliwatts  at  488.0  nm.  The  laser  uses  a  multiline/single  line  mirror 
holder.  For  multiline  operation,  the  reflector  is  mounted  normal  to  the 
laser  bore.  For  single  line  operation,  the  reflector  is  moved  and  a  prism 


is  placed  intracavity.  The  prism  allows  individual  wavelengths  to  be 
selected  when  the  vertical  tuning  knob  is  turned.  The  wavelength 
selector  assembly  has  a  bimetallic  design  which  compensates  for  changes 
in  angular  alignment  caused  by  temperature,  thereby  stabilizing  output 
power.  The  power  supply  provides  dc  power  to  the  laser  tube  and  head 
from  a  208  VAC  three-phase  line  through  a  silicon  controlled  rectifier 
circuit.  The  laser  is  operated  in  either  a  current  or  light  regulated 
mode.  In  the  current  mode,  passback  current  is  fed  back  to  the  input  to 
provide  closed-loop  regulation  of  laser  tube  current.  In  the  light 
regulated  mode,  a  signal  from  a  photocell  is  used  to  control  the  current 
regular  to  maintain  constant  laser  output  power. 

DETECTION  -  The  spectrometer  uses  a  photon-counting  detector 
system.  The  system  is  developed  around  a  Thorn  EMI  9813A 
photomultiplier  suitable  for  low-level  and  photon  counting  applications. 
The  bialkali  photocathode  has  low  dark-current  at  ambient  temperatures 
permitting  use  of  standard  non-refrigerated  photomultiplier  housing.  The 
photomultiplier  is  powered  by  a  Thorn  EMI  3000R,  3  kv  power  supply. 
Signals  are  detected  in  a  Thorn  EMI  APED  II  high  speed  amplifier- 
discriminator  with  pulse  pair  resolution  of  15  ns.  TTL  output  is 
available  directly  from  this  unit. 

DATA  ^ACQUISITION  AND  CONTROL  -  The  ADALAB  data  acquisition  system 
by  Interactive  Mlcroware  is  used  for  both  data  acquisition  and  instrument 
control.  This  microcomputer  based  system  consists  of  both  hardware  .the 
ADALAB  interface  board,  and  extensive  software,  the  0UICK  1, 0  program, 
for  interfacing  applications  of  laboratory  instrumentation.  Each  module 
consists  of  a  12  bit  analog  to  digital  (A/D)  converter  subsystem,  a  12  bit 
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digital  to  analog  (D/A)  converter  subsystem,  8  bit  digital  and  parallel 
input/output  subsystems,  and  a  32  bit  countdown  timer  for  a  real-time 
clock/timer  subsystem.  The  latter  three  subsystems  are  utilized  in  the 
spectrometer.  The  QUICK  I/O  program  allows  the  use  of  short,  easy  to  use 
commands  from  within  Applesoft  programs.  The  system  used  is 
specifically  designed  for  use  with  an  Apple  II  series  microcomputer. 
However,  the  procedures  are  general  and  adaptable  to  other  systems, 
particularly  the  IBM  PC  and  compatibles,  for  which  comparable  hardware 
and  software  are  available. 

The  other  components  of  the  spectrometer  are  standard  optical 
hardware.  Oriel  mirrors  with  appropriate  mountings  are  used  to  direct 
the  laser  beam  into  an  unmodified  Oriel  sample  housing.  The  beam  is 
Introduced  through  the  bottom  of  the  cell  housing  and  collected  normal 
to  the  cell  surface.  It  is  focused  on  the  entrance  slit  through  an  Oriel 
X-Y-Z  lens  assembly.  Adjustment  of  the  image  in  the  orthogonal  X-Y 
plane  as  well  as  focus  in  the  Z  plane  allows  for  ready  optimizing  the 
monochromator  throughput.  The  sample  compartment  is  coupled  directly  to 
the  monochromator  through  a  specially  machined  aluminum  flange. 

III.  RESULTS  AND  DISCUSSION 

The  software  for  the  control  of  the  spectrometer  is  written  entirely 
in  Applesoft  Basic  and  is  a  modification  of  the  program  originally  written 
by  DeBellis  and  Low  :7).  The  choice  of  this  language  was  dictated  by  the 
aviilaciiity  jr  'he  AL'ALAB  i.i'a  ic  I'llsition  sys'em  and  QUICK  I  •)  software 
which  was  developed  for  the  Apple  II  series  computers.  The  normal  BASIC 
PEEK  and  POKE  commands  which  respectively  return  one  byte  from  memory 
or  place  one  byte  Into  memory  are  replaced  with  Quick  I/O  statements 
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used  to  access  counters,  timers.  I/O  ports  and  other  memory  mapped 
devices.  Thus,  this  wedge  in  the  BASIC  interpreter  allows  BASIC  to 
accept  special  commands  which  address  the  devices  on  the  ADALAB  board. 
For  example,  the  command: 

D*  =  l.&DOO 

brings  output  bit  0  of  the  ADALA8  digital  output  port  high.  All  QUICK  I/O 
commands  are  preceded  by  the  ampersand.  Variable  D*  is  the  byte  value 
read  from  or  sent  to  a  port.  DOO  stands  for  digital  output  bit  zero. 

Similarly. 

&AIO,  SPIO.  &T02 

mean  analog  input  on  card  zero,  parallel  input  on  card  zero  and  timer 
output  two  respectively.  Card  zero  refers  to  channel  zero  or  the  first 
ADALAB  board  in  the  system.  Timer  two  refers  to  one  of  four  timers  per 
board. 

The  spectrometer  control  program  is  completely  menu  driven  with 
each  item  in  the  menu  generating  a  specific  self-explanatory  command. 

The  main  menu  is: 

A.  COUNT  INTERVAL 

B  SET  SCAN  PARAMETERS  AND  BEGIN 
C.  CATALOG  A  DISKETTE 
U.  SAVE  DATA  ON  A  DISKETTE 

E.  READ  A  DATA  FILE 

F.  PLOT  DATA  WITH  CURSOR 

G.  ADD  CONSTANT  TO  DATA 

H.  RUN  PMT  TEST 

I  PLOT  DATA  ON  THE  PRINTER 
V  PL CT  DATA  IN  A  RECOPDER 
K.  END 

Selection  of  option  "B"  on  the  main  menu  brings  up  a  submenu  whl>  h 
addresses  Itself  to  control  of  the  monochromator  through  the  0D2A 
lompudrive.  Consequently,  ^he  items  on  the  menu  generally  correspond 
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the  CD2A  keyboard  Options  for  data  entry  ori  either  the  Apple  II  keyboard 
alone  or  in  conjunction  with  the  CD2 A  keyboard  are  available.  The  latter 
feature  was  incorporated  for  development  and  testing  purposes  and  the 
former  for  actual  spectra  determinations.  This  mode  of  operation 
is  initiated  when  the  Remote  key  of  the  CD2A  is  pressed  and  two-way 
RS232  communication  ensues.  All  keys  on  the  CD2A  are  then  disabled  and 
the  parameters  and  Instructions  must  be  sent  by  the  external  device. 


The  scan  menu  is: 


A.  START  POSITION 

B.  END  POSITION 

C.  SET  POSITION 

D.  BURST  INCREMENT 

E.  SHUTTER  HIGH  POSITION 

F.  SHUTTER  LOW  POSITION 

G.  LASER  LINE 

H.  NUMBER  OF  SCANS 

I.  SET  BURST  SCAN 

J.  GO  TO  SET  POSITION 

K.  TRIGGER  SCAN 

L.  RETURN  TO  MAIN  MENU 


Under  normal  operating  conditions,  a  spectral  scan  would  be  run  by 
entering  parameters  for  A.  B,  D.  G.  H,  I.  and  K  in  sequence.  Shutter 
control  E  and  F  protect  the  photomultiplier  from  intense  Rayleigh 
scattering  a'  the  laser  frequency. 

Upon  entering  the  choice  "K"  from  the  scan  menu,  the  followinq 
sequence  of  even's  occurs.  The  spectrometer  slews  'o  the  start  positin'., 
'ne  advantage  of  using  'he  UD2A  -ontroller  rather  'han  direct  drive  of 
'he  mo' ir  via  'ne  'jmpu'er  is  'ha'  an  an' i  -  back  lash  fea'ure  ;c 

incorporated  in  'he  controller.  In  order  to  prevent  data  acquisition 
during  scan  operations  and  to  synchronize  mechanical  movement  >t  'he 
spectrometer  with  ’he  peripheral  '  omputer.  three  ot  the  status  lines  I 


ft 


the  controller  are  employed.  These  lines  are  active  low  when  the 
spectrometer  is  poised  at  the  start  position,  when  the  spectrometer  is 
sitting  at  the  end  of  scan,  and  when  the  spectrometer  is  dwelling  between 
increments  in  the  burst  scan  mode  respectively.  Pauses  in  the  program 
are  Introduced  by  using  these  status  lines  as  digital  inputs  to  the 
Interface  board  and  using  the  program  line: 

200  &DI2:I?  D*>0  THEN  200 

The  program  will  then  idle  at  this  line  until  the  status  line  becomes 
active  low,  at  which  point  the  spectrometer  is  poised  for  the  next 
operation. 

TTL  pulses  from  the  photomultiplier  are  coupled  to  the  interface 
card  through  an  open  collector  NAND  gate.  One  of  the  gate  Inputs  is 
simply  the  TTL  pulses  originating  at  the  amplifier-discriminator  circuit, 
the  frequency  of  which  are  proportional  to  light  intensity,  The  second 
input  of  the  gate  is  connected  to  one  of  the  digital  output  lines  of  the 
interface  card.  The  time  interval  for  which  this  output  is  high  is 
controlled  by  Interval  timer  of  the  interface  card  and  is  programmed  in 
as  "Count  Interval".  The  output  of  the  NAND  gate  flows  to  bit  6 
of  the  digital  output  lines.  In  this  case,  bit  6  of  the  parallel  output 
has  been  changed  to  an  input  with  the  command.  POKE  49714. 111.  and 
serves  as  the  Timer  3  input  which  has  been  configured  for  pulse 
counting  with  the  command  POKE  4972  3.  J2.  The  program  lines  performing 
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V  HUME  :  VI  Mb  12:  PR  I N I  TaFu  1 R )  "RAMAN  ” 

1  LClMEM  :  ,245‘7o :  HI  MEM:  36  095:07:  =  DIM  O'.  2048) 

2  PORE  36257,0:  POKE  36277.,  O:  FOIE  36257.1 

4  CALL  36076 

5  D7.  =  255:  .«.  POO:  POKE  49714,191:  POKE  49723,32:  REM  INITIALIZE  I/O 

TIMER 

6  STXp  =  CHRP  2>:ETXP  =  CHRP  17)  :  CAMP  =  CHRP  124)  :Gf  =  CHRP  i  7  > 

7  ACK  r  --  CHRP  16):  EO  T  P  =  CHRP  (4>:NAKt  =  CHRP  (21)  :NULP  =  "" 
d  TIME  =  2 

9  GOTO  3000 

15  PRINT 

20  H T AB  4:  PRINT  "A.  COUNT  INTERVAL" 

25  HTAB  4:  PRINT  "6.  SET  SCAN  PARAMETERS  AMD  PEG IN" 

30  H  T  AB  4:  PRINT  "C.  LATr,LuG  A  0 I  SI  GTT  C  '• 


CHRP  124)  :  G  i  =  CHRP 
CHRP  (21): NUL  P  =  "" 


: 

HOME  : 

PR INI  " *  » 

4 

pe  i  n  r 

COUNT 

4 

;  PR  I NT 

SET  S( 

4 

pRirn 

•c. 

(~t  T  mL.  ! 

4 

PRINT 

•  z . 

GAVE 

4 

pr  i  n  r 

"E . 

REAL-  i 

4 

PRINT 

"F . 

Pi.  a  I  i 

4 

PR  I N  T 

"t3. 

ADD  A 

4 

PRINT 

MH. 

RUN  PI 

4 

PRINT 

M  I  . 

PLOT  | 

35  HTAB  4:  PRINT  "J.  PLOT  DATA  ON  A  RECORDER" 
70  HTAB  4:  PRINT  "K .  END" 

30  ROTE  -  16368,0: CHOICE  =  O 
35  PRINT  :  PRINT  "ENTER  CHOICE 

.'TAB  15:  HI  A!-  1  ) 

J5  GET  I  BP:  CHOICE  =  AGC  il  BP'  -  64 
1  O'.*  INVERSE  :  FLASH 

Uu  IF  CHOICE  •:  1  OR  CHOICE  II  THEN  14" 

120  NORMAL  :  VT AB  15:  HTAB  14:  PRINT  "  "  ;  )  8P 
1 30  GOTO  160 

140  PRINT  GP; "ILLEGAL  ENTRY” 


FOR  1  "  1  TO  150'/:  ME  *  T  I  :  NORMAL 
SOT!.: 

ON  CHOICE  Sul  21  ■■  . . .  2:  : 


I  7</  NS  “  VAL  'Ms  F  :B1 

'.LLP)  -  VAL  Hi; 
1  7 5  p  '  -  I N  T  .  i  K'  ■  <_ 

IS’.'  -'-.r,  ;  ,  .  rij  r  "  :  : 


7m I  B  I  i  :  SI  ' 
M  ‘  -  1 


VAL  'LLP: 


VAL  i'j1P':h'-  - 


.  I  ■:■■■■  -1.-  ’  -1 

l  1  hi  :  hi.ui.iv--  ;•  •»  i.  .  •.  ,  Li  .■  .: 

r.  hi- lot  :  i  u  :  ,  ;i  - 

home  :  vr.-s  u_:  f  t-  i i-i r  "O'l.  ri  nu.  -ss-  <c»f  tl 
30  RF-IMT  "H1 1  EEL  Ml  A  BUR  I 

4' '  07.  =  '  ’ :  -.  DO  1  :  REM  L*>  1  1>aI<L1:  MaMI;  ijmTE 

•60  FAR  !  I  -  :  10  t  T 

o'  ..y.  '6':  ■  ’  .  :  i  En  ,i  I  Mi.'lMOM  .  viJNI 

;  1:  ■  .'i.O:  i-T  :-i  •  -i  '  N  ru.Mi.  . ...  ! ) 
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IF  07.  O  r  HEN  28'.':  REM  TIME  LOOP 
07.  -  0:  S'  D 01:  REM  CLOSE  NANO  GATE 
?<  TI3:DCOONT  =  07. 

D  -  32767  -  OCOUNT 

0(11)  =  0(II»  +  0 

HF'LOT  II  /  PT  -  140,159  -  D  *  159  /  65535 

HPLQT  II  /  PT  *  139  *  14' >.159  -  0 I  I  >  *  159  /  65535  /  SS 
V TAB  22:  HTAB  25:  PRINT  "COUNTS*" ; D" 

VTAB  23:  HTAB  25:  PRINT  CL"  CM-1 
IF  FEET  (  -  16384)  *  155  THEN  10 
F'QT  E  -  16368,'.' 

IF  CL  =  C.:F  *  B1  *  'PT  -  1)  THEN  375 
*  •'*:  00":  O’.  *  1:  *.  DU'.' 

?!  014:  If  0‘.  -•  O  1  HEN  3  70 
012:  IF  07.  0  1  HEN  3t»5 

CL  *  CL  +  B 1 
NEXT  li 

07.  =  0:  .*»  000:  D7.  =  1 :  ?,  DOO 
IF  CL  =  EP  THEN  390 
?-  013:  IF  07.  0  THEN  336 

07.  =  0:  ?.  000:  07.  =  1 :  ?<  DOO 
NEXT  SS 

HGR  :  HF'LOT  0,0  TO  27°, 0  TO  279,159  TO  '>,159  TO  u.O 
FOR  I  =  1  TO  PT 

rtf  LG  1  I  ,  I'!  *  '  ,  L "  -  LM  11  *  1  5"  -i55  M'J  ’  Vo 

NEXT  I 

PRINT  GX;:  GET  AX:  GOTO  lo 
GOTO  2120 

PRINT  :  PRINT  "00  YOU  WISH  IU  ENTER  PARAMETERS  FROM  THE" 

PRINT  "APPLE  It  1 E V BOARD  ONLY  "  (Y/N)" 

POT  E  —  1 6360 , o 
GET  ANT 

I:  •  ,NT  "  <"  >  -FID  t  aN*  "M">  THEN  910 

I:'  'i'll  -  " y  "  then 
GOTO  995 

HOME  :  H  12. B  5:  PRINT  CHRX  .  7  )  ;  "  I  URN  UN  THE  CD2a  TWO-WAY  REMO  l  k 
PRINT  ;  hThB  4;  PRINT  "•'THEN  HIT  RETURN  FEY  ON  rHt  ARM  E 1  " 

ujr'.n  t 
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GET  PUSITIUN" 

BURST  INCREMENT" 

MUTTER  HIGH  PuSITIllN" 
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I  ..HER  l  THE" 
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V 

k, 

In 

t 

k 


JLI.iT  1  IT"  i~  !  4  7-5 


1  I  ’ 

i  HTaB 

1  u:  PRINT 

"J.  GO  Tu  SE1 

PObi r ion” 

111- 

■  HTAB 

1  0 :  PR  I N  r 

" T  .  TRIGGER  SCAN" 

1  12' 
1  1  3‘ 

i  HTAB 

>  PRINT 

l 0:  PRINT 

"L.  return  to 

MAIN  menu 

1  1  4< 

i  PRINT 

•'ENTER  CHOICE  " 

1141  IF  AN*  =  "V"  THEN  1145 

1145  VTAB  23:  INVERSE  :  PRIM  I  "ENTER  PARAMETERS  UN  THE  APPLE  AND  CD2A" 
1145  VTAB  IS:  HTaB  14 
1  1  50  POT  E  -  Is3s8,0 
1  1  6<-’  GET  KB* 

1170  CHOICE  =  ASC  (I'Bf !  -  64 
1175  INVERSE  :  FLASH 

1130  IF  CHOICE  •  1  OR  CHOICE  12  THEN  1220 

I  !'?■  NORMAL  :  VTAB  IS:  HTaB  14:  PRINT  " 

ICO”  GOTO  1245 

!2  2v  r-RINT  G*:" ILLEGAL  ENTRY  " 

1 2  30  FOR  t  =  1  TO  5000:  NE T  I:  NORMmL 
124'/  GCTO  10Ov 

1245  PRINT  :  IF  CHOICE  =  12  THEN  GOTO  10 

1 250  ON  CHOICE  60SUB  1 400 , 1 4 1 . . , 1 420 ,  1 4 30 , 1 44U ,  1 45<  1 , 1 4sO ,  1 470 ,  1 480 ,  1 490 , 
1500 

1255  IF  AN*  =  "N"  THEN  1384 


12&0 

ANSWER  =  0 : OB  =  0 

1270 

PR#  4:  PRINT  FCOMM*:  F'R#  u 

1280 

IN#  4:  INPUT  ANSWER*:  IN#  C 

1 

IF  ASC  i.  MID*  (ANSWER*,  1.1 

) !  =  ASC 

ACT  *  )  HEN 

1  33'.* 

:  :u- 

IF  hCC  t  MID*  (ANSWER* ,1,1 

)  ••  ASC 

•.rich*’  THEN 

1  371.' 

1  32'!’ 

ANSWER  =  1:  GOTO  1380 

1  33'.) 

IF  ASC  <  MID*  l ANSWER* ,2,2 

> )  =  ASC 

'CAN*)  THEN 

1  3<b0 

1340 

IF  ASC  (  MID*  (ANSWER*, 2, 2 

)  )  7 

THEN  1320 

1350 

PRINT  " CD2A  ERROR  CODE  IS: 

RIGHT* 

(ANSWER*, 2. 

: ANSWER 

1  355 

FQR  I  -  1  TO  5000:  NEXT  I: 

GOTO  1  38'.' 

1  3c  0 

ANSWER  =  0:  GOTO  1380 

l  37v 

PRINT  " 

GOTO  1 270 

; 

IF  ANSWER  OT  THEN 

1  zee 

GOTO  1385 

1  Tr34 

PRINT  "VALUE  ACCEPTED":  FOR 

1  =  1  !  U 

. . .  NEX! 

:  OUT  -j 

1  -gc; 

PRINT  "CD2A  ACCEPTED":  FOR: 

1  =  1  TU  3 

X><>:  NEXT  I 

1 3Q'.'  IF  CHOICE  =  11  THEN  GOTO  I/O 

: :  -5  goto 
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8 
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E  T  X  s 

14 2d?  ANSWER  =  0: 

PE 

TURN 
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:  INPUT 
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I.HP  J 

14  35  ir  ._f:m  (pi 

f  ) 

THEM  11' 
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14:.  .-3 

ANSWER.  -  <■:  RETURN 

14  40 

COMM  f  -  STXf  +■ 

•‘.j  H" 

:  INPUT  "LNIER  VALUE  ":SHJ: 

PR  !  N  I 

:,MRl  ■  1 

1445 

IF  LEN  (SHI) 

8 

1  HEN  144m: FCOMMf  -  COMMf  * 

sh*  *■ 

»£  r  -  i 

1  446 

ANSWER  =  o:  RE  1  URN 

1 450 

COMMf  =  STXf  + 

■SL" 

:  INPUT  "ENTER  VALUE  " : SL f : 

pr  i  n  ; 

l.HKl  1 

1 455 

IF  LEN  l  SL  t ) 

a 

THEN  1 450 : FCOMMf  =  COMMf  » 

SL*  *■ 

tru 

1456 

ANSWER  =  0:  RETURN 

1  460 

COMMf  =  STXf  + 

”LL  " 

:  INPUT  "ENTER  VALUE  ” : LLf : 

PRINT 

i.Hl-  l  1 

1465 

IF  LEN  (LLf) 

8 

THEN  144>0:  FCOMMf  =  COMMf  ♦ 

LLf  + 

£  r  < £ 

1  466 

ANSWER  =  0:  RETURN 

1  470 

COMMf  -  STXf  + 

•NS" 

:  INPUT  "ENTER  VALUE  ":NSf: 

PRINT 

2  HR*  <.  1 

1475 

IF  LEN  (NSf) 

3 

THEN  I 470: FCOMMf  =  COMMf  ► 

NS*  «- 

ET  k  r 

1476 

ANSWER  =  0:  RETURN 

1  490 

FCQMM*  =  ST  X  *  +■ 

"TyB"  *-  ETXf:  ANSWER  =  RETURN 

l  490 

FCOMMf  =  CAN*  + 

up.. 

*  ETXf: ANSWER  =  O;  RETURN 

Kv'O 

FCQMM*  =  CAN*  ► 

"T" 

+  [■  TXf:  ANSWER  =  V:  RETURN 

2  10-.' 

PRINT  :  PRINT 

"Mh’W 

CUT  iN  r  I N  I  c  RVAL  (  •'  :  r  !  ME  :  "  • 

:  I  Up*  :  !  !'  : 

2  1  05 

bCTG  1'.’ 

2110 

D*  =  CHR*  14): 

R R  INI  CHR*  i  4  1  "  CaT  ML. OO  «  L'2  "  ; 

ei  A*: 

ji  ?  ’  u  1  O 

Df  =  CHRf  <4):  INPUT  "NEW  FILE  NWt"  " !  f  L  t 
-111  PRINT  Df'OPEN  " ;  FL  f :  PRINT  Df" WRITE  ':Kt 
2 1 -2  PRINT  FT 

21 23  FOR  l  =  I  TO  FT:  PRINT  D ( I > :  NEXT  I 

2124  PRINT  1ST:  PRINT  NS 

2125  PRINT  Df  "  CLOSE  " ;  FLf:  GOTO  IP 

2130  Df  =  CHRf  (4):  INPUT  "OLD  FILE  NAME"  "  :  F  L  t 
2132  PRINT  Df "OPEN  "FLf:  PRINT  Df "READ  "FIT 
2134  INPUT  FT 

2 1  3 a  r OP  I  =  1  r0  PI':  INPUT  Dll':  NE >  I  1 

2138  INPUT  SP:  INPUT  NS 

2140  PRINT  Df "CLOSE  "FLf:  GOTO  lu 


:■  i  so 

5152 

REM  FLO r TING  WITH  CURSOR 

FR:  =  1 :  T 1  =  FT 

2  153 
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Is  KR1HI  I 

Tn8  < 

0  )  Si- 

:  60  T  0  ,C5<  ■ 
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RETURN 

2600 

REM  ADD  A  CONSTANT 

261*.* 

INPUT  "CONSTANT 

io  be 

ADDED'  " ; K 

2M5 

PRINT  :  F'R'INT  "C 

ijHPU  r 
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’ttZ'.' 
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NE  t  T  I 
GOTO  10 

REM  RUN  FttT  IFST 
HOME 
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r.v. 


An  adaptive  grid  generation  technique  is  developed  for  1 

viscous  flow  problems.  The  equations  governing  the  grid  I 

adaptation  are  based  on  a  variational  statement  resulting  in  a  t 

set  of  elliptic  partial  differential  equations  in  which 
adaptation  can  occur  independently  in  each  coordinate  direction.  j 
The  method  allows  for  control  of  adaptation  and  orthogonality 
while  smoothness  is  implicit  in  the  solution  to  the  elliptic  * 

equations.  The  method  has  been  designed  specifically  to  provide 
the  highly  stretched  grids  required  for  adaptation  to  the 
boundary  layer  regions.  The  grid  generation  equations  are 
coupled  with  a  thin  layer  Navier-Stokes  code  to  solve  a  transonic 
axisymmetric  projectile  flow  problem.  The  grid  is  adapted  to  the 
pressure  gradient  in  the  streamwise  direction  and  to  the  velocity 
gradient  in  the  direction  normal  to  the  projectile  surface.  The 
results  for  a  projectile  at  Mach  0.96  show  that  the  use  of  a 
solution  adapted  grid  can  enhance  the  accuracy  of  the  solution. 


INTRODUCTION 

The  Air  Force  Armament  Laboratory  at  Eglin  Air  Force  Base  is 
currently  developing  computational  methods  to  determine  the 
motion  of  stores  released  at  transonic  speeds.  Critical  to  an 
accurate  prediction  of  the  store  motion  is  an  accurate 
calculation  of  the  aerodynamic  forces  acting  on  the  store.  For  a 
standard  projectile  configuration,  the  aerodynamic  force 
can  be  divided  into  three  components:  the  surface  pressure 
drag. the  viscous  drag  and  the  baseflow  drag  of  which  the  baseflow 
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drag  can  be  as  much  as  50%  of  the  total  drag.  It  is,  therefore, 
important  to  develop  an  accurate  and  efficient  solution 
technique  for  the  computation  of  viscous  transonic  projectile 
aerodynamics  with  baseflow. 

The  published  results  on  the  application  of  the  thin  layer 
Navier-Stokes  codes  indicate  that  the  thin  layer  Navier-Stokes 
approximation  has  the  potential  to  give  accurate  solutions  for  a 
projectile  baseflow  problem  at  transonic  speeds  provided  a  good 
grid  network  is  used.  In  fact,  it  has  become  evident  that  the 
grid  network  can  have  a  large  influence  on  the  solution,  a 
condition  which  has  motivated  research  efforts  to  develop 
adequate  grid  generation  techniques.  Analysis  of  the  truncation 
error  terms  arising  from  the  discrete  representation  of  the 
governing  equations  in  the  flow  domain  has  shown  that  the 
curvilinear  coordinates  comprising  the  grid  network  must  vary 
smoothly,  maintain  orthogonality  and  be  well  adapted  to  the 
physics  of  the  problem  in  order  to  reduce  the  truncation  error 
magnitude  and  subsequently  increase  the  solution  accuracy.  A 
variety  of  proven  methods  are  capable  of  providing  grid  networks 
with  the  first  two  grid  characteristics,  smoothness  and 
orthogonality,  however  enhancement  of  the  third  characterist ic , 
adaptivity,  is  difficult,  especially  if  the  location  of  the 
important  physical  gradients  is  not  known  a  priori.  A  promising 
approach  to  this  problem  is  that  of  solution  adaptive  grid 
generation  techniques. 

One  such  adaptive  grid  generation  technique  was  developed 
during  the  1985  GSSSP  program  at  Eglin  Air  Force  Base  as  reported 


in  reference  [1].  It  is  the  purpose  of  this  research  to  continue 
development,  testing  and  application  of  the  method  to  solve 
projectile  baseflow  problems.  During  the  testing  phase,  however, 
two  problems  were  found  that  rendered  the  method  insufficient  for 
application  to  the  viscous  flow  problems.  First,  the  equations 
for  adaptive  gridding  were  not  necessarily  elliptic,  which 
created  problems  in  the  solution  procedure.  Second,  the 
extremely  refined  mesh  required  for  resolving  the  boundary  layer 
region  had  poor  effects  on  the  convergence  rate  of  the  solution 
to  the  grid  generation  equations.  To  resolve  these  difficulties 
a  new  set  of  grid  generation  equations  were  derived  from  a 
conceptually  similar  approach  and  an  efficient  method  for 
increasing  the  convergent  rate  of  the  solution  to  the  equations 
in  the  boundary  layer  regions  is  included.  The  grid  generation 
procedure  is  coupled  with  a  thin  layer  Navier-Stokes  code  to 
solve  a  transonic  projectile  problem  with  sting.  Results  are 
reported  for  Mach  0.96. 

In  preparation  for  tackling  the  transonic  baseflow  problem 
with  the  adaptive  grid  generation  technique,  the  thin  layer 
Navier-Stokes  code  has  been  used  on  a  series  of  fixed  grid 
networks  to  solve  a  projectile  baseflow  problem  to  gain  insight 
on  the  maximum  time  step  limitation,  the  required  damping  and  to 
provide  some  results  for  comparison  with  the  adaptive  grid 
solutions.  The  results  for  a  variety  of  grid  networks  are 


reported.  Also,  a  detailed  investigation  on  the  application  and 
implication  of  the  thin-layer  Navier-Stokes  approximation  for 
accurate  prediction  of  the  transonic  projectile  aerodynamics  had 
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been  conducted.  Results  obtained  were  presented  at  the  4th  U.S. 
Army  Conference  on  Applied  Mathematics  and  Computing.  Attached 
at  the  end  of  this  report  is  a  copy  of  the  paper  to  appear  in  the 
proceeding  of  the  conference. 


DIFFICULTIES  WITH  THE  ORIGINAL  EQUATIONS 

In  an  approach  similar  to  Brackbill  and  Saltzman  [2],  the 
two  dimensional  adaptive  grid  generation  equations,  as  reported 
in  reference  [1],  were  derived  from  three  functionals  Is,  Iv,  Io 
representing  the  three  grid  characteristics  smoothness, 
adaptivity  and  orthogonality,  respectively.  The  functionals  are 
listed  below: 


Is  =  |  [(V?)2  +  ) 2  ]dxdy 


xv  =  J  [(r?-r?)P+  (r^ ■ r^)Q]dxdy 


Iq  =  (V?  •  Vr) )  dxdy 


where  f,  and  n  are  the  body  fitted  curvilinear  coordinates,  r  is 
the  position  vector  of  the  grid  points  and  P  and  Q  are  the 
control  functions.  The  resulting  grid  generation  partial 
differential  equations  and  solution  technique  are  reported  in 
reference  flj.  The  difficulty  inherent  in  these  equations  is  in 
the  antagonistic  roles  of  the  two  functionals  Is  and  Iv.  The 
extremely  fine  meshes  in  the  boundary  layer  regions  are  due  to  a 
response  of  the  grid  network  to  the  control  functions  of  Iv, 


however  the  portion  of  the  equations  resulting  from  Iv  are  not 
necessarily  elliptic.  The  ellipticity  in  the  equations,  which  is 
necessary  to  assure  the  existence  of  a  unique  solution,  enters 
through  the  functional  Is,  but,  unfortunately,  the  effect  of  Is 
is  to  smooth  the  grid  spacing  preventing  the  extreme  mesh 
refinement  necessary  in  the  boundary  layer  regions.  This 
inherent  antagonism  renders  the  equations  unsuitable  for 
generating  adaptive  grids  for  viscous  flow  problems. 

Another  problem  associated  with  the  requirement  of  extremely 
stretched  grids  is  the  convergence  rate  of  the  solution  to  the 
grid  generation  equations.  In  the  areas  of  extreme  mesh 
refinement  the  grid  spacing  in  one  coordinate  direction  can  be  up 
to  1000  times  larger  than  that  of  the  other  direction  creating 
grid  cells  with  very  large  aspect  ratios,  up  to  1000.  The  grid 
points  in  these  regions,  therefore  may  require  1000  times  as  many 
iterations  to  converge  as  that  of  grid  points  outside  these 
regions.  The  increase  in  the  number  of  iterations  results  in  a 
substantial  inefficiency  in  the  procedure,  again  making  it 
unsuitable  as  an  adaptive  grid  generation  method  for  viscous  flow 
problems.  Once  these  limitations  inherent  in  the  grid  generation 
equations  became  apparent,  further  development  and  testing  wore 
terminated.  The  effort  was  then  focused  on  finding  a  sot  of 
equations  to  govern  the  grid  generation  in  which  the  elliptic 
nature  of  the  equations  did  not  inhibit  the  stringent  d. -man. is  n 
adaptation  m  the  boundary  layer  regions.  f'uch  a  set  n; 
equations  were  dove  1  oped  based  on  a  similar  variational  g  r:  a  on. 
luring  t  ho  l  '>H*,  cr.ikM’  prooram  'it  Mi  1  in  Air  !■  ru-  base  ’).< 
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equations  were  coded  in  fortran  and  coupled  with  a  thin  layer 
Navier-Stokes  code.  Subsequently  a  method  was  developed  to 
increase  the  convergence  rate  in  the  extremely  fine  mesh  regions 
A  detailed  description  of  the  method  as  well  as  some  initial 
results  for  a  specific  transonic  projectile  problem  are  reported 
in  reference  [3].  What  follows  here  is  a  brief  description  of 
the  method  and  some  computed  results  for  Mach  0.96. 

THE  ADAPTIVE  GRID  GENERATION  METHOD 

Following  a  similar  variational  approach,  the  following 
three  functionals  were  used  to  derive  the  two  dimensional  grid 
generation  equations. 

r  W*€) 

Ip  =  -  dxdy 

J  P 

IQ  = - dxdy  (2) 

V  J  Q 

I0  =  J  (V?*V,)2dxdy 

where  P  and  Q  are  the  control  functions  in  the  and  • 

respectively.  These  functionals  are  combined  t ^ 
functional  I: 


I  = 


XP  +  +  AI0 


Here  A  is  a  parameter  represent-  .  n  •  *  • 

dor.  ir¬ 


relative  to  adaptation 
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functional  and  employing  local  scaling  of  each  functional  the 
governing  equations  resulting  from  the  Euler-Lagrange  equations 
in  the  physical  domain  were  found  to  be: 

*  2  2 
^xx  +  ^yy  +  j-1  ^x^xx  +  ^x^y^xy  +  ^y^yy^ 

A 

+  ( (^x^x^y^y)  ^xx  +  ^xr?y+^y,?x^  ^xy  +  ^xr,x+2^yr,y^  ^yy^ 

Vf  *vp 
P 

(4) 

A  v»7  •  VQ 

'xx  'yy  j-1  vsx'xx  ^x^y'xy  Y  YY  q 

+  ~T-[  ( (^x^x^y^y^xx  +  ^x,,y+^y’7x^xy  +  ^x'7x+2^yf?y^yy^ 

*  VQ 

Q 

where  J  1  is  the  inverse  of  the  Jacobian  defined  as 

J_1  "  Vy  “  Vx  (5) 

These  equations  will  be  elliptic  if  the  terms  due  to  the 
orthogonality  functional  are  not  to  large.  As  long  as  A  is 
sufficiently  small,  the  roots  of  the  characteristic  equation  of 
equations  (4)  will  always  be  complex,  and  thus,  the  equations 
will  be  elliptic.  The  smoothness  of  the  grid  then  is  controlled 
by  the  smoothness  of  the  source  terms  containing  P  and  Q,  a 
condition  that  can  be  controlled  through  the  definitions  of  P  and 


Q.  Equations  (4)  are  transformed  onto  the  computational  domain 
making  x  and  y  the  dependent  variables.  The  resulting  equations 
are  rather  complex  and  are  available  in  reference  [3].  They  are 
solved  numerically  using  a  Newton  Raphson  iterative  scheme. 

As  reported  earlier,  the  solution  procedure  for  elliptic 
equations  is  an  inefficient  process  when  applied  to  grids  for 
viscous  flow  problems  due  specifically  to  the  large  aspect  ratio 
of  the  grid  cells  in  the  boundary  layer  regions.  Movement  of 
grid  points  along  the  projectile  surface  in  which  the  grid 
spacing  is  larger  is  restricted  by  the  smaller  spacing  of  the 
grid  points  in  the  direction  normal  to  the  surface,  increasing 
the  number  of  iterations  required  for  convergence.  An  efficient 
solution  to  this  problem  is  to  remove,  temporarily,  many  of  the 


grid  points  along  the  t)  coordinate  (the  direction  normal  to  the 
surface)  leaving  only  a  few  points  to  represent  the  position  of 
the  coordinate.  Thus  a  new  grid  is  constructed  with  a  reduced 
number  of  grid  points  in  which  the  aspect  ratio  of  grid  cells  in 
the  boundary  layer  region  is  similar  in  magnitude  to  that  of  the 
outer  regions.  Once  the  reduced  grid  is  adapted,  the  points  that 
were  removed  are  inserted  back  along  the  rj  coordinates  with  their 
spacing  governed  by  the  equation 


^  s^s 


'  ss 


=  0 


Q 


(6) 


which  is  the  one  dimensional  analogy  to  the  two  dimensional 
equations.  Here,  s  measures  the  arc  length  along  the  n 
coordinate . 
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When  adapting  along  the  ^  coordinate  the  control  function  Q 
which  dictates  the  spacing  along  the  coordinate  must  be  modified 


to  reflect  the  use  of  a  few  points  to  represent  the  spacing  of 
the  many  points  removed.  The  proper  modification  is  derived  from 
the  equation  governing  one  dimensional  adaptivity.  An 
analytical  solution  to  the  inverse  of  equation  (6)  yields  the 
expression 

1 

S  -  —  (7) 

"  Q 

where  s  is  the  grid  spacing  along  the  coordinate.  The  value  of  Q 
at  each  of  the  points  remaining  in  the  boundary  layer  region  can 
be  modified  according  to  equation  (7)  to  include  the  spacing 
requirements  of  the  surrounding  points  removed  by  summing  as 
follows: 


(8) 


1 

i 


I 

t 

I 

I 

( 


where  Q*  is  the  modified  value  of  the  control  function  at  a 
remaining  point  (j)  and  (i)  spans  the  grid  points  removed  from 
the  vicinity  of  point  (j). 

The  extra  computations  required  in  this  procedure  to  remove 
and  insert  points  as  well  as  modifying  the  control  function 
appear  to  increase  the  computational  effort  required  to  obtain  a 
solution,  however,  the  time  saved  in  solving  the  elliptic 
equations  for  the  reduced  grid  rather  than  the  entire  grid  more 
than  compensates,  resulting  in  an  efficient  means  of  providing 


the  extremely  refined  meshes  required  within  the  framework  of  an 
elliptic  grid  generation  procedure. 

RESULTS 

The  adaptive  grid  procedure  has  been  coupled  with  the  thin 
layer  Navier-Stokes  code  to  solve  an  axisymmetric  transonic 
projectile  problem  with  sting.  The  projectile  used  is  a  6 
caliber  secant-ogive-cylinder-boattail  configuration  which  is 
shown  in  figure  1.  The  flow  conditions  are  a  Reynolds  number  of 
710000  and  Mach  0.96,  a  case  for  which  experimental  data  are 
available. 

In  the  transonic  regime,  the  solution  to  the  projectile 
flow  problem  is  expected  to  contain  pressure  expansions  at  the 
ogive-cylinder  and  cylinder-boattail  junctures  and  normal  shocks 
are  expected  at  locations  along  the  projectile  surface.  An 
important  physical  feature  due  to  viscous  effects  is  the  boundary 
layer  region  at  the  projectile  surface.  These  phenomena  require 
refined  grid  resolution  for  an  accurate  calculation  of  the 
solution  and  their  presence  motivates  the  choice  of  the  control 
functions . 

In  the  streamwise  coordinate  direction  (£  -  coordinate)  the 
control  function  P  is  defined  in  terms  of  the  pressure  gradient: 


where  f  is  the  normalized  pressure  gradient  and  7  is  a  parameter 
reflecting  the  maximum  deviation  from  smooth  spacing  allowable. 
Here  s  is  the  physical  arc  length  along  the  £  coordinate  and  p  is 
the  calculated  pressure. 

Similarly,  in  the  direction  normal  to  the  surface  (7 
coordinate)  a  fine  grid  in  the  boundary  layer  region  can  be 
obtained  by  using  the  velocity  gradient  in  the  control  function 


0=1  +  7^ 


Wi  -  Wmin 

w  —  w 

max  min 


Here  v  is  the  fluid  speed  and  s  is  the  physical  arc  length  in  the 
n  coordinate  direction.  The  initial  attempts  at  adaptive  grid 
generation  using  equations  (10)  as  the  control  function  produced 
rapidly  varying  grid  spacing  along  the  n  coordinate  in  the 
boundary  layer  region  and  consequently  yielded  poor  results. 

The  equation  therefore  has  been  modified  to  resemble  the  approach 
of  Nakahashi  and  Deiwert  [4]  to  include  an  addition  parameter  to 
control  grid  spacing: 


Qi  "  1  +  -*fi 
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The  value  of  a  can  be  determined  automatically  to  give  a 
prescribed  minimum  spacing  by  solving  the  equation 


(Srj  ^  min 


£< - — )  (1  +  7) 

1+7  ft 


which  is  a  discrete  representation  of  the  minimum  spacing  found 
when  solving  equation  (6).  Here  L  is  the  total  arc  length  of  the 
rj  coordinate  and  is  prescribed  minimum  spacing. 

Application  of  this  method  produced  uniform  spacing  at  the 
projectile  surface  and  slowly  varying  spacing  through  the 
boundary  layer. 

With  the  control  functions  defined  in  this  manner  a  solution 
for  the  transonic  flow  problem  was  calculated.  The  grid  network 
was  adapted  at  intervals  of  10  time  steps  for  a  total  of  1600 
time  steps  at  which  time  the  solution  to  the  thin  layer 
Navier-Stokes  equations  converged.  The  choice  of  y  for  the 
pressure  gradient  was  10  and  for  the  velocity  gradient  it  was 
200000.  The  large  value  for  the  velocity  gradient  was  used  to 
obtain  the  extremely  refined  mesh  required  in  the  boundary  layer 
region.  The  minimum  spacing  for  determining  a  was  0.00002.  The 
initial  grid  network  shown  in  figure  2  contains  90  points  in  the 
streamwise  direction  and  35  points  in  the  direction  normal  to  the 
projectile.  As  can  be  seen  most  of  the  grid  points  along  the 
coordinates  are  clustered  near  the  surface  in  the  boundary  layer 
region.  In  the  first  calculation  of  the  solution,  the  results 
agreed  well  with  the  experimental  data  for  portions  of  the 
projectile,  but  deviated  in  on  other  parts.  Figure  3  shows  the 


computed  pressure  coefficient  along  the  projectile  surface 
compared  with  the  experimental  data.  As  is  evident,  the 
calculations  agree  well  along  the  ogive  and  upwind  part  of  the 
cylinder  but  varies  from  the  expected  solution  near  the  boattail. 
Figure  4  an  expanded  view  of  the  grid  near  the  projectile  surface 
shows  clearly  the  grid  adapting  to  the  pressure  gradient.  There 
is  clustering  near  the  junctures  and  in  the  shocks,  however  as 
shown  in  figure  3  the  shocks'  positions  are  not  predicted 
accurately.  The  grid  spacing  in  the  coordinate  direction  (only 
those  points  in  the  reduced  grid  are  shown)  appear  to  vary 
somewhat  along  the  surface  and  it  is  this  characteristic  of  the 
grid  that  is  thought  to  cause  the  error  in  the  solution. 

In  order  to  isolate  this  problem,  the  case  was  run  again 
with  one  alteration.  After  each  grid  adaptation,  the  points  in 
the  normal  direction  were  redistributed  according  to  the 
logarithmic  distribution  function  used  in  generating  the  initial 
grid  network.  The  computed  results  for  this  case,  shown  in 
figure  5,  show  excellent  agreement  with  experimental  results.  The 
adapted  grid  network  also  shows  the  shocks  to  be  in  the  proper 
locations. 

These  results  conclude  the  research  on  the  adaptive  grid 
procedure  conducted  to  date.  The  results  indicate  a  great 
potential  for  the  adaptive  grid  technique  to  provide  good  grid 
networks.  Specifically,  more  work  needs  to  be  focused  on 
improving  the  adapted  grid  in  the  boundary  layer  region  where  the 
extremely  refined  mesh  is  required.  Experimentation  with  various 
control  functions  and  the  number  of  grid  point  used  should  yield 


1 


improved  results.  At  this  point,  due  to  the  problems  with  the 
adaptation  in  the  boundary  layer  region,  the  adaptive  grid 
procedure  has  not  been  applied  to  the  baseflow  problem.  However, 
a  series  of  fixed  grid  solutions  have  been  obtained  to  begin  the 
investigation  of  the  transonic  baseflow  problem. 


THE  BASEFLOW  PROBLEM 

When  solving  the  baseflow  problem,  the  introduction  of  the 
sharp  corner  into  the  flow  domain  is  expected  to  require  special 
consideration.  To  investigate  this  situation  a  series  of 
solutions  based  on  fixed  gr ids  were  obtained  using  the  thin  layer 
Navier-Stokes  code.  The  grid  networks,  which  ranged  from  108  by 
40  to  140  by  80  were  generated  with  a  hyperbolic  grid  generation 
method  described  in  reference  [5].  One  grid  network,  120  points 
in  the  streamwise  direction  and  60  points  in  the  normal  direction 
is  shown  in  figure  7.  The  grid  is  an  O-type  network  in  which  the 
streamwise  coordinate  wraps  around  the  base  corner  and  terminates 
at  the  downstream  line  of  symmetry.  The  points  in  the  normal 
coordinate  direction  are  clustered  near  the  projectile 
surface  using  a  logarithmic  distribution  with  the  spacing  at  the 
surface  equal  to  0.00002. 

For  each  grid  network  used,  the  maximum  time  step  that  could 
be  used  before  the  solution  became  unstable  was  0.025  compared  to 
the  value  of  0.10  used  for  the  projectile  with  sting.  Also,  the 
explicit  and  implicit  damping  coefficients  were  increased  from  1 
and  2  times  the  time  step  for  the  projectile  with  sting  problem 
to  4  and  8  times  the  time  step  for  the  baseflow  problem. 

The  computed  results  for  the  cases  run  did  not  vary  much 
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with  the  number  of  points  in  the  streamwise  direction.  However, 
as  the  points  were  increased  in  the  normal  direction  the  solution 
became  oscillatory.  Figures  8  through  10  show  the  computed 
pressure  coefficient  along  the  projectile  surface  for  three  grid 
networks,  140  by  40,  140  by  60  and  140  by  80.  In  figures 
8  and  9  the  solution  appears  to  be  well  behaved.  There  is  some 
discrepancy  between  the  computed  and  experimental  solutions  over 
the  cylinder  and  baottail.  The  pressure  distribution  over  the 
base  is  intuitively  correct  although  some  dispersive  error  is 
evident  near  the  corner  in  the  solution  obtained  in  the  140  by  60 
grid  network.  In  the  140  by  80  grid,  the  solution,  shown  in 
Figure  10,  appears  to  be  destroyed  by  dispersive  effects  up  to 
the  cylinder-ogive  juncture.  At  this  time,  insight  into  this 
phenomenon  is  inconclusive.  Additional  attempts  to  solve  the 
projectile  baseflow  problem  on  this  grid  with  various  time  steps 
and  damping  coefficients  should  yield  insight  into  the 
oscillatory  behavior.  In  general,  these  results  will  aid  in 
solving  the  baseflow  problem  with  adaptive  grid  techniques  as 
information  concerning  the  time  step  limitations  and  damping  have 
been  obtained. 

It  is  acknowledged  that  the  first  part  of  calculation  was 
performed  with  a  Cray  system  at  NASA  Ames  while  the  latter  part 
of  numerical  experiments  was  conducted  with  the  Cray  X-MP/48  at 
Pittsburgh  Supercomputing  Center  through  an  NSF  computer  time 
grant  ECS-8515761. 
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Figure  6.  The  adapted  grid  network 
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I.  INTRODUCTION 


Atomic  oxygen  has  long  been  known  to  play  an  important  role 
in  the  heat  balance  and  chemistry  of  the  upper  atmosphere.  Bates 
[1951]  suggested  that  the  fine  structure  transition  O(^P^)  --> 
0(^2)  at  63^m  plays  an  important  part  in  cooling  the  upper 
thermosphere.  The  5  .  3//m  emission  from  v  i  b  r  a  t  i  onal  ly  excited 
nitric  oxide,  which  is  produced  mainly  by  collisions  of  the 
nitric  oxide  in  the  ground  state  with  atomic  oxygen,  was  showr  Ky 
Kockarts  [1980],  Gordiets  et  al.  [1982],  Stair  et  al.  [1985]  ana 
Zacho'r  et  al.  [1985]  to  be  the  dominant  cooling  mechanism  in  the 
lower  thermosphere.  Around  100  km,  15/ua  emission  from  the  bending 
mode  of  CO2  which  again  is  excited  primarily  by  the  collisions  of 
oxygen  atoms  with  ground  state  carbon  dioxide  [Sharma  et  al . 
(1981)]  plays  a  dominant  role  in  cooling  the  atmosphere  [Dickin¬ 
son  (I960)].  We  thus  see  that  atomic  oxygen,  directly  or  in¬ 
directly,  plays  a  vital  role  in  the  heat  balance  of  the  upper 
atmosphe  re . 
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Offermann,  et  al.  [1981]  have  reviewed  the  methods  used,  all 


in  situ,  for  the  measurement  of  atomic  oxygen  densities  in  the 
upper  atmosphere.  Sharp  [1985]  has  commented  on  results  of  these 
measurements:  "The  data  show  a  variation  in  the  concentrations  by 
over  a  factor  of  10  at  120  km,  a  factor  of  40  for  the  peak  at 
about  95  km  and  much  larger  factors  below  this.  Peak  concentra¬ 
tions  range  from  6  x  10^  cm-^  to  2  x  10^  cm-^.  Within  any  one 
technique  there  are  factors  of  5  variations  over  altitude.  Some 
of  this  variation  can  be  due  to  time  of  day,  season  and  dynamics. 
However,  the  principal  source  of  the  variation  is  probably  the 
differring  measurement  techniques." 

In  this  report  we  describe  a  method  of  measuring  the  oxygen 
atom  density  and  temperature  by  remote  sensing .  The  method  con¬ 
sists  of  simultaneous  measurement  of  intensity  in  the  63  pm 

3  3  3  3 

—  >  ?2  transition  and  the  147//m  PQ — >  P^  transition  (Figure 

1)  between  the  ground  state  fine  structure  levels.  We  assume  that 
these  fine  structure  levels  are  in  thermodynamic  equilibrium  with 
the  local  translational  temperature  ( LTE ) ,  and  that  the  atmo¬ 
sphere  is  one-dimensional.  Radiance  in  the  63pm  and  147  pm  lines 
is  calculated  using  a  model  atmosphere  and  a  modified  form  of  the 
radiation  transport  code  of  Sharma  et  al.  [1983].  An  onion-peel 
inversion  is  then  carried  out  to  show  that  it  is  possible  to 
recover  the  density  and  temperature.  Although  the  present  inver- 


oxygen  atom  density  and  temperatures  as  a  function  of  altitude 
from  the  limb  radiance  data. 


The  assumption  that  the  fine  structure  levels  are  in  ther¬ 
modynamic  equilibrium  with  the  translational  temperatures  (LTE) 
needs  some  elaboration.  Grossmann  and  Offermann  [1978]  concluded 
from  their  measurements  at  63/m  that  this  assumption  is  not  a 
valid  one  and  that  the  population  of  the  level  is  less  than 

that  given  by  the  LTE  model.  Iwagami  and  Ogawa  [1980]  argue  that 
the  Grossmann-Of fermann  results  are  consistent  with  LTE  formula¬ 
tion  if  radiative  transfer  is  properly  treated.  Fischer  and  Saha 
[1983]  have  calculated  the  radiative  lifetime  of  the  63/m  transi¬ 
tion  to  be  3.192  hrs  (11,491  seconds).  Allison  and  Burke  [1969] 
estimate  the  cross-section  for  transition  between  the  fine  struc¬ 
ture  levels  during  collisions  between  two  oxygen  atoms  to  be 
between  0.01  and  1  times  the  gas  kinetic  cross-section.  At  an 
altitude  of  250  km  such  collisions  occur  about  once  every  second 
or  about  11,000  collisions  per  radiative  lifetime.  So  it  appears 
reasonable  to  assume  LTE  even  at  altitudes  where  the  density  is 
about  .01  times  the  density  at  250  km. 


II.  THEORY  AND  METHODOLOGY 

A  derivation  of  the  radiative  transfer  equation  has  been 
given  by  Sharma  et  al.  [1983],  Sharma  and  Zachor  [1983]  and 
Zachor  and  Sharma  [1985].  We  present  here  a  brief  summary  of  the 
formalism.  In  one-dimensional  models  of  the  atmosphere,  the 
atmospheric  parameters,  e.g.,  temperature,  density,  etc.,  depend 
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only  on  the  altitude  z.  To  calculate  the  emission  and  transmis¬ 
sion  of  radiation  we  divide  the  1 ine-of-sight  (LOS)  into  segments 
of  thickness  ( Az )  such  that  the  atmospheric  parameters  over  each 
segment  may  be  assumed  to  be  constant. 


We  express  the  radiance  in  terms  of  n^f  the  number  of 
photons  (of  frequency  vcm~^)  per  wavenumber  per  unit  area  per 
steradian  which  are  observed  at  a  point  z  along  the  1 ine-of-sight 
per  unit  time.  The  change  in  n  in  a  path  length  ds  is  described 


iv/ds  -  { -nv( hvQ/c ) [ n1B( l->u)-nuB( u->l ) )+Aulnu/4n) f ( v-vQ )  (1) 


where  h  and  c  are  Planck's  constant  and  the  speed  of  light;  n^ 
and  nu  are  the  number  densities  of  the  lower  and  upper  radiating 
states;  B(l->u)  and  B(u->1)  are  Einstein  coefficients  for  absorp¬ 
tion  and  induced  emission;  Au^  is  the  Einstein  coefficient  for 
spontaneous  emission,  and  f  is  a  normalized  lineshape  function 
such  that 


|  f ( v  -  vQ )dv  -  1 


The  Einstein  coefficients  are  related  by 


g.B(l->u)  -  g  B(u->1) 


(3) 


Aul  -  8  nhv^B ( u-> 1 )  ( 4  ) 

where  g^  and  gu  are  the  statistical  weights  of  the  lower  and 
upper  radiating  states.  Through  use  of  Eqs.  (3)  and  (4),  Eq .  (1) 
can  be  cast  in  the  form 

dnv/ds  -  (hvQ/c)B(  l->u)n1[-nv(  1-y)  +  2c\>g  y  )  f  (  n>- )  (5) 

where  y  is  defined  as 

Y  “  glnu/gunl  (6) 

The  factor  (1-y)  corrects  the  simple  absorption  term  (which  is 
proportional  to  n^n^)  for  stimulated  emission.  The  second  term  in 
brackets  corresponds  to  spontaneous  emission. 

We  now  define  the  optical  depth,  t  ,  by 

dx/ds  -  ( hvQ/c ) B ( l->u ) f ( v-vQ ) n1 ( 1- y )  (7) 

Substituting  Eq.  (7)  in  Eq .  (6)  we  get  the  result 

dn^/dx^  -  (-nv  +  2cvgY/(l-Y)J  (8) 

This  equation  has  a  very  simple  physical  meaning.  The  rate  of 
change  of  the  number  of  photons  with  absorption  depth  decreases 
as  the  numbers  of  photons  incident  on  the  segment  and  increases 
with  the  source  function.  Under  conditions  of  LTE  the  source  is 


equal  to  the  black-body  function  when  we  recall  that  y  ( Eq .  5) 
under  these  conditions  equals 


y  -  exp[ -( Eu-E1 )/kT]  -  exp[-C2v0/T] 


where  Eu  and  E^  are  the  energy  levels  of  the  upper  and  lower 


states;  k  is  the  Boltzmann  constant;  C2  [■  1.4388  ( K/cm  A )  ]  is 


the  second  radiation  constant,  and  T  is  the  temperature. 


This  equation  can  easily  be  integrated  across  a  segment.  The 


solution  is 


nv(zi+l)  "  nv(zi)exp(-aTvi)  +  2cvQ(l-exp(-ATv. ) ] y./( 1-y. ) 


where  the  segment-dependence  of  y  has  been  made  explicit  with  the 


subscript  i.  In  Eq.  (10),  the  first  term  represents  the  absorp¬ 


tion  within  the  ith  segment  of  radiance  incident  upon  it  at  z^; 


and  the  second  term  represents  the  contribution  from  the  ith 


segment  alone. 


The  change  in  optical  depth  across  a  segment  can  be  written 


ATv  "  (Aul9u/8ncv09l)nl(1~r)f  (v_v0Ms 


where  As  is  the  length  of  the  segment. 


An  energy  level  diagram  for  the  ground  state  term  of  atomic 


oxygen  2s  2p  (JP)  is  given  in  Figure  1.  Also  given  in  this  figure 
are  the  Einstein  coefficients  taken  from  Fischer  and  Saha  (1983). 

In  this  study  the  Einstein  coefficients  for  ground-state 
atomic  oxygen  along  with  assumed  density,  temperature,  and  pres¬ 
sure  atmospheric  profiles  were  input  data  for  a  modified  form  of 
the  NLTE  computer  code  developed  at  the  Air  Force  Geophysics 
Laboratory  (Sharma  et  al.  (1983)).  The  modifications  were  ac¬ 
complished  such  that  the  program  calculates  the  radiance  for  the 
0 ^ P ^  <-  transition  at  147^/m  and  the  O^P^  <-  O^Pq  transition 

at  63//m  in  the  earthlimb  geometry  for  any  range  of  tangent 
heights  within  the  range  of  the  assumed  atmospheric  profile. 

The  atmospheric  density  and  temperature  profiles  used  in 
this  study  are  plotted  in  Figure  2.  This  density  profile  was 
selected  by  comparison  with  previous  estimates  of  O-atom  den¬ 
sities,  and  represents  a  reasonable  guess  at  the  true  density. 

Two  additional  density  profiles  corresponding  to  atmospheres  two 
times'  and  five  times  as  dense  as  that  given  in  Figure  2  were  also 
studied  in  order  to  test  the  accuracy  and  reliability  of  the 
numerical  inversion  technique. 

The  integrated  line  radiances  calculated  from  Eq .  2  are 
plotted  versus  tangent  height  in  Figure  3  for  both  transitions 
appropriate  for  the  atmospheric  profile  given  in  Figure  2.  In 
these  calculations  it  was  assumed  that  the  energy  levels  were  in 
local  thermodynamic  equilibria.  A  voigt  lineshape  with  a  col- 
lisional  line  width  equal  to  0.1  cm  ^  per  amagat  was  assumed  in 
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all  of  the  work  reported  here.  A  weak  T  '  dependence  of  col- 
lisional  linewidth  upon  temperature  (Penner  (1959)]  was  ignored. 
For  the  purpose  of  this  initial  study,  it  was  pointed  out  earlier 
that,  "exact"  total  integrated  radiance  data  for  the  two  transi¬ 
tions  were  available.  Consideration  of  errors  due  to  finite 
signal  to  noise  and  other  experimental  factors  will  be  presented 
and  discussed  in  a  later  paper. 

III.  Numerical  Inversion  of  the  Integrated  Radiance 

In  order  to  start  the  inversion  procedure,  it  was  assumed 
that,  at  the  highest  tangent  heights  considered,  the  transitions 
are  optically  "thin".  That  is,  no  significant  self-absorption 
takes  place.  In  this  case,  the  integrated  radiance  for  the  tran¬ 
sition  i <  —  j ,  N^j/  depends  only  on  the  excited  state  (O^P^)  den¬ 
sity  profile,  which  is  directly  related  to  the  ground  state 
density  through  the  temperature  under  the  assumed  conditions  of 
thermodynamic  equilibrium.  Formally,  we  may  write 

Ni.(HT)  -  1/2  n  J  ci j ( z )W( z ,Hx)dz  (12) 

where  e^(z)  is  the  total  volume  emission  rate  at  altitude  z. 

Ej j(z)  -  n*(z)Ai j  ( 13  ) 

In  Eq .  (12),  W(z,H  )  is  a  geometrical  weighting  factor  cor¬ 

responding  to  earthlimb  observation  geometry. 


highest  measurement  is  far  removed  from  the  atmospheric  region  of 
interest  these  "starting"  values  have  little  effect  on  the 
results  at  lower  tangent  heights. 


Inversion  of  the  radiance  through  the  lower  tangent  heights 
is  accomplished  by  solving  for  the  minimum  in  the  function 


UT,n,HT)  -  {N12(H.„)  -  Nf  0  ( H^, )  ] 2  +  [Nnl(H^)  -  N 


12 


'01 


'01 


(  H„ 


18  ) 


N12(V 


n0i(ht) 


nP  j  (  Ht  )  denotes  the  predicted  radiance  at  tangent  height,  H^, .  The 
two  terms  in  this  equation  have  been  separately  normalized  in 
order  for  them  to  be  weighted  equally.  In  the  work  described 
here,  we  have  also  multiplied  this  function  by  a  "penalty"  func¬ 
tion  in  order  to  avoid  mathematical  diversions  involving  large 
temperature  changes.  The  resultant  function  is  given  below 


f(T,n,HT)  -  t<T,n,HT)exp(0.01|AT| ) 


(  19  ) 


where  AT  -  T  -  T^.  Tp  denotes  the  temperature  of  the  previous 


slab,  and  the  bar  denotes  that  this  function  has  been  normalized. 


Since  for  this  problem  functional  evaluations  are  computa¬ 
tionally  expensive,  especially  for  low  tangent  heights  where  the 
number  of  slabs  is  large,  we  have  chosen  to  solve  for  the  minimum 
in  Eq.  (19)  through  a  combined  "steepest  descent"  and  Newton- 
Raphson  numerical  procedure.  Efficiency  of  the  solution  of  Eq . 

(19)  is  improved  due  to  the  insensitivity  of  the  steepest  descent 


method  to  the  initial  guess,  and  the  rapid  (quadratic)  conver¬ 
gence  of  the  Newton-Raphson  method.  This  numerical  technique  is 
commonly  referred  to  as  a  "modified  Newton  method"  [Bazarra 
(1979)].  In  the  work  described  here,  this  combined  method  is 
found  to  converge  for  initial  guesses  far  from  the  true  value, 
while  it  converges  at  least  supralinearly  for  convex  regions 
"close"  to  the  true  solution  [Harlow  and  Riehl  (to  be 
publ i shed ) ] . 


Solution  of  Eq .  (19)  for  slab  j  begins  with  an  initial 
estimate  for  T j  and  n^.  In  this  work  we  have  employed  the  results 
from  the  previous  slab  as  the  initial  estimates  for  the  current 
slab.  One  cycle  of  the  numerical  procedure  described  above  yields 
a  next  guess.  For  each  new  estimate  of  T ^  and  n^ ,  boundary  condi¬ 
tions  are  checked,  and,  if  exceeded,  the  result  is  reflected  back 
into  a  preset  allowed  region.  The  process  is  repeated  until 
convergence  is  obtained. 


IV.  Results  and  Conclusions 

The  results  from  the  inversion  procedure  described  above  are 
plotted  in  Figures  4,  5,  and  6  for  the  three  different  atmos¬ 
pheric  profiles.  The  solid  lines  in  these  figures  are  the  assumed 
temperature  and  density  profiles.  In  Figure  4,  it  can  be  seen 
that  the  inversion  was  started  at  a  tangent  height  of  200  km, 
i.e.  below  the  highest  altitude  used  in  the  calculation  of  the 
radiances  (230  km),  in  order  to  simulate  the  kind  of  data  that 


would  be  available  from  an  actual  experimental  measurement.  In 
Figures  5  and  6,  the  numerical  inversion  was  begun  at  the  highest 
value  of  the  assumed  atmospheric  profile.  [In  these  cases  the 
profile  was  extended  out  to  300  km.]  As  can  be  seen  in  these 
figures,  the  errors  associated  with  the  assumptions  for  the  high 
altitude  regions  are  not  large,  and  are  significantly  reduced 
after  a  small  number  of  inversion  steps. 

As  is  evident  from  the  results  in  Figures  4-6,  the  inversion 
is  quite  successful  for  both  temperature  and  density  until  the 
very  "optically  thick"  regions  of  the  atmosphere  are  reached. 
Below  about  90  km  (  95  km  for  the  high  density  atmospheres)  self¬ 
absorption  is  so  strong  that  the  integrated  radiances  for  the  two 
transitions  are  almost  constant.  This  can  be  seen,  for  example, 
in  the  plots  of  radiance  versus  tangent  height  in  Figure  3. 
Continuation  of  the  inversion  through  these  regions  leads  to 
large  oscillations  in  both  temperature  and  density. 

All  three  results  show  one  or  more  small  discontinuities  in 
the  inversion  results  especially  in  the  recovered  temperature 
values.  In  Figure  4,  for  example,  these  occur  at  approximately 
120  and  130  km.  These  discontinuities,  which  are  not  unusual  for 
nonlinear  optimization  problems  of  this  complexity,  are  due  to 
the  fact  that  multiple  solution  pathways  exist  at  these  par¬ 
ticular  tangent  heights.  These  oscillations  are  significantly 
reduced  through  use  of  the  "penalty"  function  as  described  above. 


Extensions  of  the  work  reported  here  are  underway.  In  par- 


j? 
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ticular,  more  advanced  numerical  techniques  are  under  study,  and 
procedures  to  invert  radiance  data  in  which  noise  and  finite 
spectral  resolution  have  been  added  are  under  development.  It  is 
felt  that  measurements  of  atomic  oxygen  emission  at  63/ym  and 
147/ym  have  enormous  potential  in  remote  sensing  of  this  species. 
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Figure  Captions 

Schematic  energy  level  diagram  for  the  ground  state  (^P)  of 
atomic  oxygen. 

Assumed  atmospheric  temperature  and  density  profile  for  atomic 
oxygen . 

Calculated  radiance  (watts/cm^  ster.)  versus  tangent  height 
(km)  for  the  63  pm  and  147  ^m  transition  of  atomic  oxygen 
using  the  atmospheric  profile  given  in  Figure  2. 

Oxygen  atom  density  and  temperature  results  obtained  from 
numerical  inversion  for  the  atmospheric  profile  given  in 
Figure  2.  The  solid  lines  are  the  assumed  density  and 
temperature  profiles. 

Oxygen  atom  density  and  temperature  results  obtained  from 
numerical  inversion  for  an  atmospheric  profile  in  which  the 
density  is  two  times  that  given  in  Figure  2.  The  solid  lines 
are  the  assumed  density  and  temperature  profiles. 

Oxygen  atom  density  and  temperature  results  obtained  from 
numerical  inversion  for  an  atmospheric  profile  in  which  the 
density  is  five  times  that  given  in  Figure  2.  The  solid  lines 
are  the  assumed  density  and  temperature  profiles. 
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I.  BACKGROUND 

Readiness  and  survivability,  important  United  States  Air 
Force  (USAF)  objectives  for  nonstrategic  forces,  must  be  achieved 
in  the  key  area  of  sortie  generation.  Critical  elements  in 
obtaining  rapid  and  sustained  sortie  generation  are  aircraft 
launch  and  recovery.  The  Air  Force  has  many  active  and  planned 
programs  aimed  at  providing  improved  launch  and  recovery 
capability.  The  effective  development,  optimization,  and 
application  of  many  of  these  actions  depends  upon  reliably 
preaictina  aircraft  capability  to  operate  on  various  ground 
surfaces. 

Most  USAF  aircraft  were  designed  for  operation  on  high- 
strength,  smooth  paved  surfaces,  making  these  surfaces  high 
priority  wartime  targets  and  subject  to  damage.  Reliable 
prediction  techniques  exist  for  aircraft  operation  on 
conventional  pavement  surfaces.  However,  existing  techniques  for 
predicting  aircraft  operation  on  soil  are  not  reliable  and 
accurate  for  operation  on  soil  surfaces  having  significant 
variations  of  soil  strength  and/or  soiltype  with  depth.  Also,  . 
techniques  have  not  been  cevelopec  for  predicting  aircraft 
operation  on  other  contingency  surfaces. 

A  finite  element,  viscoplastic  analysis  technique  has  been 

developed  to  correlate  layered  soils  to  a  sing!,  strength  media, 

ana  to  compute  tire  sinkage  and  resulting  rut  depth.  The 
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application  of  the  analysis  procedure  in  the  form  of  a  computer 
program  provides  a  promising  approach  to  significantly  improve 
existing  Air  Force  prediction  techniques.  It  is  considered  that 
the  program  can  be  applied  to  significantly  improve  the 
reliability  and  accuracy  for  predicting  aircraft  operation  on 
soil  surfaces  having  large  variations  in  strength  and/or  soil 
type  with  depth.  Also,  it  is  considered  that  the  analysis 
procedure  can  be  adapted  for  other  contingency  surfaces  to 
provide  a  basis  for  the  development  of  needed  ability  fcr 
predicting  aircraft  operation  on  contingency  surfaces. 

2.  PROBLEM  DESCRIPTION 

The  existing  viscoplastic  layered  model  uses  the  state  of 
the  art  in  both  constitutive  relations  and  numerical  tecnniques 
to  model  soils.  However,  it  does  not  have  the  ability  tc 
consider  soil  work  softening/hardening,  such  as  caused  by 
multiple  aircraft  tire  passes.  Necessary  tests  have  net  been 
identified  for  determining  the  material  properties  needed  as 
program  input.  Testing  has  not  been  done  to  validate  the 
computer  program.  Also,  simulations  have  not  been  accomplished 
tc  establish  the  program's  applicability  for  improving  ability  t 
predict  aircraft  operation  on  soil  and  other  airfield  ccntinoenc 
surfaces.  This  powerful  analysis  tool  promises  to  provide 
urgently  needed  improve ments  to  Air  Force  ability  to  predict 
aircraft  ground  operation.  The  described  work  needs  to  ce  acne 
to  maxe  the  program  more  suitable  for  potential  Air  Force 

applications,  ano  to  verify  its  application  feasibility  ana 
benefi ts . 
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OBJECTIVES 


The  ccoectives  of  the  proposed  resear;:,  program  are  to: 

A .  Identify  work  softening/hardening  to ce i s  and  include 
tnern  in  the  finite  eleirent  program  semen strating  their 
capacility  to  simulate  tne  effect  or  cyclic  lcacir.g 
cotainec  during  multipass  phenomena. 

B.  Identify  the  necessary  tests  neecm:  to  aetermine  tne 
material  properties  or  soils  wh:;r.  will  ce  used  as  input 
data  to  tne  finite  element  program. 

C.  Validate  or  verify  the  finite  element  program. 

4.  DEVELOPMENT  OF  STRAIN  HARDEN  I NG/SC  FT  EM  .0  .'•!  Mali 

There  are  a  .number  of  materials,  sucn  .0  r:  ■  ■  ,  concrete,  ana 
dense  soils,  w  n.  ion  when  ccmcressec  at  2  '■  m  .  strain 

rate  under  con  0  1 1  :  :  ns  of  eitner  on  1  a  :<  ;  :  *  .  .•  1  a  1 

compression  exmcm.  a  phenomenon  oil  leu  "s  .mo". 

Materials  which  ex.nibit  suer,  sett  an  in  g  11  r  .  s e d  o y  a 

constitutive  response  in  tne  axial  a  1  root  1  . .  .  -men  tne  stress 

rises  monctonically  with  strain  to  a  pern.  ...  tnsn  decreases  wit 
further  increases  in  strain.  Under  genera,  states  of  small 
deformation,  a  material  element  is  sa:u  to  macros  strain 
softening  when  its  stress  rate  multicim  .  m.s  strain  rate  is 
negative  (Valanis  1984). 

When  subjected  to  a  number  of  cycle.;  :  a  stress,  a  sell 
sample  fails  at  a  stress  level  lower  tr.  .m.  ms  mcnctonic  failure 
stress.  Five  factors  contricuta  to  tms  0  o;:;r  m  varying 
degrees,  cepenaing  upon  the  nature  or  the  mm.  These  factors 
are  (a)  generation  of  pore  pressures  it.  \  .  .0  se  trisation  or 


all  respects  and  dc  not  taxe  into  account  tne  rotation  of 
principal  axes  of  stress  tensor  which/  in  most  problems/  always 
takes  place  to  some  extent.  The  moaels  do  not  account  for  the 
strength  anisotropy  induced  by  plastic  flow,  and  this  fault  in 
the  model  causes  an  error  of  unknown  magnitude  which  makes 
assessing  the  prediction,  even  in  simpler  benchmark  problems, 
imposs ible  . 

This  paper  presents  a  micro-structural  model  which  was 
first  developed  by  Pance  and  Sharma  ( 1 96 C ).  This  model  was  usee 
in  conjunction  with  our  existing  visccplastic  finite  element 
program.  Attention  is  devoted  here  to  two  aspects  only: 

Rotation  of  principal  axes  and  cyclic  strain  softening. 

The  proposed  model  has  conceptual  links  with  the  polycry¬ 
stalline  model s  of  plasticity  proposed  a  few  decades  ago  cy 
Taylor  (1926),  Batdort  and  Budiansky  (1949)  and  Sanders  (1955: 
ar.c  otr.ers.  The  tncae  1  is  also  a  numerical  implementation  ana 
further  extension  of  the  "micro-structural'’  view  of  the  clays  as 
propcsec  by  Callacine  (1971).  The  first  part  of  the  paper  sets 
the  mathematical  basis  of  the  model;  the  second  part  describes 
the  cetails  of  numerical  implementation  and  solution  of  bene n mar. < 
proclems  like  a  triaxial-axial  test  in  monotcnic  loading;  the 
thirc  part  demonstrates  the  characteristics  of  the  model  in  cases 
of  cyclic  Icacing. 

The  lntluence  of  the  rotation  of  principal  axes  in  the  model 
in  comparison  to  the  conventional  Critical  State  Model  is 
demonstrated . 

As  the  sottware  oevelopment  involved  in  this  model  is 
extremely  simple,  many  relatively  complex  models  incorporating 


ether  tactors  like  cyclic  aeformation,  pore  pressure  generation 
as  in  transient  loadings  can  be  readily  incorporated. 

A  SIMPLE  CONCEPTUAL  MODEL  OF  PARTICULATE  MEDIA 

First,  one  must  consider  a  solid  block  of  arbitrary  shape  ot 
ncmcaenecus  isotropic,  linear  elastic  material  intersected  by  X 
n u ir.ee r  of  randomly  oriented  planes.  The  planes  render  the  solid 
clock  into  an  assemolage  of  perfectly  fitting  polyhedral  blocks 
(Fig.  1).  Next  one  must  further  assume  that  by  some  process  t ne 
ocundaries  of  tne  microscopic  polyhedral  blocks  are  roughened, 
wnicn  creates  asperities,  and  spot  welded  without  inducing  any 
stresses  in  the  biock.  The  details  of  justification  for  this 
rat.ner  simple  conceptual  moael  are  necessary  because  the  key  to 
the  detcrmaticnal  behavior  of  the  block  lies  in  an  accurate 
description  of  the  sliding  phenomenon  under  the  current  effective 
normal  and  shear  stresses  (d'n  ,  T)  along  the  boundaries  ot  the 
polyhedral  blocks  ana  opening/clcsing  ot  the  inter-bounaarv  gap 
(void  ratio)  in  relation  to  the  initial  gap  (initial  vcio  ratio) 
caused  by  the  process  of  creation  of  asperities.  Callaoine 
(1971)  employed  this  model  to  explain  mechanical  properties  of 
saturated  clays,  obtaining  remarkably  good  comparison  with 
experimental  data.  A  similar  model  has  been  used  cv  Dienkiewicz 
and  Pance  (1977)  and  Pande  (1977)  for  solving  practical  proolems 
ot  jointed  rock  masses;  however,  their  main  purpose  was  to  mccel 
strong  strength  anisotropy  of  rocks  developed  due  to  the  presence 
of  2  or  3  sets  of  families  of  planes  of  weakness.  As  tne  numoer 
ot  contact  boundaries  approaches  infinity,  the  isotropy  of  the 
material  is  restored. 


The  philosophy  of  this  conceptual  model  is  comparable  to  the 
finite  element  procedure.  The  mathematical  expressions  necessary 
to  accurately  describe  the  behavior  of  one  contact  surface  are 
examined.  The  assumption  is  that  the  same  relationships  hold 
good  for  all  contact  surfaces,  tne  global  behavior  being  obtained 
cy  integration  of  contributions  made  by  eacn  contact  surface. 

ASSUMPTIONS  AND  MATHEMATICAL  FORMULATION 

Restricted  to  the  case  of  small  strains  and  deformations 
only,  one  assumes  that  tne  cenavicr  of  soil  grains  is  purely 
elastic,  wnile  that  of  tne  contact  bounoaries  is  eiasto/ 
v 1  scop  1  a s 1 1 c .  This  model  was  developed  using 
elasto/visccplasticity  assumptions.  However,  tne 
eiasto /viscopiasticity  assumptions  are  equally  valid.  This 
assumption  implies  tnat  w n e n  a  soil  element  is  subjectec  to  any 
load,  tne  stresses  manifested  are  instantaneously  elastic.  .ve 
further  assume  tnat  total  strain  ( e oar  be  split  into  (ai  an 
elastic  component  i  e* } ,  b  a  viscoplastic  component  (ev^;  anc 
o  an  initial  strain  component  :e  0 i  which  is  ncnstructurai  i n 
origin 

=  •“  -  -  -:c  (1 

anc  in  increment  a.  form 

Cr.e  develops  tne  t  a  t  no  -  e  t  i  ca  1  tramewcr.K  suitable  tor  effect 
stress  analysis,  tnus  a  s  s  u  m  i  r  o  tnat  tne  total  stress  applied  or.  a 
saturated  sell  element  can  n e  op.it  into  twc  components.  One 
component  is  carried  by  - ne  oci.  grains  (effective  stress  it1, 
and  tne  other  is  carried  tv  t  n.e  core  -  a  t  e  r  i  o  c  r  ■?  water  cressuro 


(  p  )  ) .  Thus, 


o  =a'  +  mp 

and  in  incremental  form 

d  cr  =  d  a 1  +  rr.d  p 

wnere  mT  =  ( 1 , 1 , 1 , 0 , 0 / 0 ) 

and  a  =  (  ox  /  Oy  /  az  /  xx  y  /  Ty  z  /  Tz  x  ) 


The  increments  of  effective  stress  are  related  to  various 
strain  components  by 

co'  =  Dt  ( c  c  -  a  £vp  -  d  c°  ) 

wnere  C~  is  tne  tangential  drained  elasticity  matrix.  If  one 
assumes  tnat  tne  soil  crams  are  incompressible,  then,  for  the 
urcrainea  conciticn,  any  volumetric  strain  is  relatea  to  the 
increment  (cr  cecrement;  of  pore  pressure  by 


dp 


de 


y 


wnere  ct  is  tne  increment  of  volumetric  strain 
K .  is  the  oulx  modulus  of  tne  fluid 
h  is  the  porosity  of  the  soil 

Ecuations  (1!  to  (7)  are  fur.camental  postulates  of  scii 
plasticity  ana  nave  oeen  extensively  used  by  many  researchers 
h.ayicr,  1975;  Humphescn,  1976;  and  Chang,  1979).  In  eiasto/ 
visccpiasticity  theory  it  is  assumed  that  rate  of  visccplastic 
strain  is  given  by 


’C 

G vp  =  Y  <  ?  i  F  )  >  — 

wnere  y  is  tne  tluicity  parameter 


r  is  tne  scalar  yield  function 


$  represents  a  monotonic  function  of  F 
C  is  the  scalar  plastic  potential  function 
<>  indicates  that  $ ( F )  =  $ ( F )  if  F  >  0 

=  0  if  F  _<_  0 

Most  plasticity-based  models  assume  that  soil  is  isotropic; 
thus,  the  scalar  yield  function  (F)  is  a  function  of  principal 
stresses  alone  and  not  their  directions.  Yieic 

functions  are  written  in  terms  of  invariant  of  stress  (Nayak  anc 
Zienkiewiczi  1972;  Zienxiewicz  and  Pande ,  1977b),  which  precludes 

tne  possibility  of  anisotropic  behavior.  On  the  other  hand, 
originally  isotropic  soils  become  strongly  anisotropic  after  seme 
plastic  flow  (Drucker,  1966).  The  yield  function  is  expressed 
i n  terms  or  certain  stress  components  rather  tnan  invariants  to 
medei  tnis  behavior. 

One  formulates  the  yield  function  for  K  contact  boundaries 
encompassing  a  point  in  our  conceptual  model.  Considering  itn 
plane,  tne  effective  normal  stress  (g  ’ )  and  shear  stress  (x)  can 
ce  written  as 


I 


(9) 


-,-ere  T  represents  a  transtcrmaticn  matrix,  which  is  a  function 
o:  tne  direction  cosines  of  the  unit  normal  to  the  1th  plane  or 
contact  bouncary.  The  current  yielo  function  can  now  be 
expressed  as 


Fi  =  f 


n»  evP)x  =  0  (10) 

Zquation  (10)  represents  the  conditions  of  sliding  on  the  i t n 


contact  plane.  Assuming  an  associated  form  of  flow,  from 


ideal  plasticity  theory  (no  hardening/softening)  then  it  reduces 


Fi  "  f  ^  °n '  t) i  =  0 


Once  all  computations  can  be  done  for  randomly  oriented 
contact  boundaries/  the  yield  function  for  the  soil  material  is 
net  required  in  this  model.  However ,  it  can  be  expressed  as 
f ol lows 


F  =  n  F2 h. . . F^ ft. . . F^  =  0  (15) 


This  yield  function  is  isotropic  for  K--00  and  for  ideal 
plasticity  (Equation  14)  since,  if  the  axes  of  principal  stresses 
are  rotated,  values  of  F  for  'ach  plane  would  change,  but  tne  sum 
total  would  remain  unaltered.  Preferential  harden ina/sof teninc 
would  take  place,  based  on  the  direction  of  principal  stresses  anc 
tneir  subsequent  rotation  during  the  process  of  incremental 
icacing  anc  plastic  flow,  if  hardening/softening  is  ccnsiderec. 
SPECIFIC  FORMS  OF  YIELD  FUNCTIONS  IN  0^-T  SPACE 

A  key  to  the  constitutive  modeling  in  the  pro po sea  framework 
is  the  yield  function  in  d*  -  t  space.  Much  experimental  as  well 
as  tneoretical  werx  (Bowden  and  Taber,  1950,  1956;  Taccr,  1951, 
1959)  has  been  cone  chiefly  in  tribology  to  explain  the  behavior 
of  one  metal  plate  sliding  over  the  other.  Here,  the  approacn  is 
that  of  simple  model  parameters  which  can  be  aerivec  from 
conventional  soil  test  data.  The  yield  function  in  j  ^ , *  space 
(Figure  2)  can  be  written  in  the  simplest  form  as, 


0  ^  tan  o’  -  c  '  =  0 
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tv  >!■>>>> j 


equation  (8)  the  contribution  made  by  the  icn  contact  plane  to 

A 

the  evP  vector  (partial  viscoplastic  strain  rate  e^P),  is 

3Fi 

eYp  =  y  <  $  (Ft )  >  -  (11  ) 

9a 

To  obtain  the  expression  for  the  viscoplastic  strain  rate, 
sum  up  the  partial  viscoplastic  strain  rates  for  all  the  K 
contact  planes  and  let  K-*-  « .  Thus, 

K  3Fi 

evP  =  l'(  <  $(Fi)  >  -  (12) 

'■1  1  i  =1  3c 

The  discrete  summation  in  equation  (12)  can  be  replaced  by 
integration  over  the  solid  angle  subtended  by  a  sphere  of  unit 
racius  at  its  center  if  one  assumes  a  continuous  random 
distribution  of  contact  planes. 

Thus , 

f  9  F 

£V?  =  y  <  3  ( F  )  >  —  dr.  (12 

3o 

where  d~.  represents  an  infinitesimal  s^lid  angle.  Equations  (12) 
and  (12)  shew  that  a  viscoplastic  strain  rate  equation  can  be 
ce rived  from  the  basic  mec nanism  of  slicing  on  the  contact 
planes,  wnich  is  more  fundamental  in  nature.  The  flow  equation 
of  soil  Dehavicr  is  automatically  defined  and  can  be  computed, 
once  the  equation  (10)  is  specified  in  explicit  terms  of 
effective  normal  stress,  snear  stress  and  viscoplastic  strains, 


If  tne  form  of  the  eouaticn  (1C)  is  chosen  accordinc  to 


a  representation  of  classical  Mohr-Coulomb  yield  function.  In 
equation  (16)  is  the  apparent  ancle  of  friction  and  c'  is  the 
apparent  cohesion.  <j>‘  =  0  case  is  included  in  equation  (15)  when 
it  becomes 

,  =  |  T  |  -  C*  -  0  (17) 

Equation  (16),  when  substituted  in  equation  (12),  leads  to 

K  3F . 

evP  =  Zy  <?(|t|  +  an tan  /  -c  1  )  ^  >  — -  (18) 

i  =  1  3  o 

ana  can  be  conveniently  used  in  computation  and,  as  others  have 
sncwn  (Pande  and  Sharma,  1979),  leads  to  exactly  the  same  results 
as  are  obtained  by  using  the  Mohr-Coulomb  yield  function  in 
invariant  form. 

A  critical  state  model  accounts  for  rotation  of  principal 

axes  anc  lead  cycling.  The  critical  state  model  which  interprets 

isotropic  strain  harcening  was  originally  developed  for  normally 

consolidated  clays  by  Schofield  and  Wroth  (1968),  and  now  there 

are  a  numcer  of  variants  of  this  model  (Naylor,  1975;  Roscce  and 

5  u  r 1  a  no ,  1366).  Neva  and  Wood  (1979)  have  extended  the  concepts 

ir  tns  mccei  to  sancs.  Gercgianncpculos  anc  Brown  (1976)  nave 

attempted  to  prove  tnat  this  model  is  applicable  to  rocKs.  All 

aot.ocrs,  new  ever,  have  used  an  invariant  formulation  to  the  yield 

function.  Here  we  snail  specify  the  yield  function  for  eac.n 

rancorriy  orientea  plane  in  -  t  space.  This  would  induce 

anisotropic  harcening.  Moreover,  to  account  for  the  cycling  of 

. oac ,  cyclic  strain  softening  shall  be  introduced.  In  our  mccei, 

cyclic  strain  softening  occurs  as  a  function  of  cumulative  value 
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of  absolute  plastic  strains  on  each  of  the  planes.  Thus,  the 
yield  function  and  strain  hardening/softening  rules  are  given  by 

I 

(i)  on  the  wet  side  ( -  a_  -  >0) 

n  k  — — 


where  u  =  tan  p' 


1  2  'an‘Pj  p 

F1  =  ( r)2-  +  ( - — £)2  -1  =  0 

UP  ^  p^ 

c  rc 


vp 

p]c  =  Pco  e'XC'n 


in  which  e^D  =  normal  component  of  the  viscoplastic  strain  on  the 
ith  plane 

p-  =  current  value  of  pre-conscl idat ion  pressure  fcr 
c  the  jth  cycle 

pco  =  initial  isotropic  pre-consolidation  pressure  fcr 
the  jcn  cycle 

X  =  hardening  parameter 


where 


eQ  =  initial  void  ratio 


A,  <  =  compression  and  swelling  indices  respectively 
To  account  for  the  influence  of  the  cyclic  softening,  t.ne 
value  of  p  for  the  j  n  cycle  (p^  )  is  defined  as 


_evp 

n 


■j  =  rJ"1 


( K2-K2e 


(  ICfc 


where  K ^ ,  K 2,  3  are  constants  and  yvP  is  the  absolute  val 


ue  of 


the  cumulative  viscoplastic  shear  strain  on  tne  ith  plane. 
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(ii)  On  the  dry  side  (-a  -  p^  <  0) 


Fx  =  |  x|  +  an  tanp0  *  tq  =  c  (  21a 

where  <J>Qi  tq  are  experimented  constants  defining  peak  strength 
and  a  ncnassociative  flow  rule  is  used,  as  in 

Qi  =  | x  j  p  ^  +  (_an  -P2)2  tan  0 '  =  0  (21b 

with  Qi  representing  tne  plastic  potential  function.  The  form  of 
this  function  ensures  the  continuity  of  strain  rates  at  -Jn  =  p2 , 
which  is  important  from  a  computational  point  of  view. 

Figure  (3)  shows  the  yield  function  represented  by  eauaticns 
(19)  anc  (21). 

One  must  note  the  important  difference  between  this  model 
ana  the  conventional  critical  state  model.  In  the  proposed 
mocel,  the  evaluation  of  yield  loci  is  tracea  individually  for 
each  plane  wnich  is  a  function  of  effective  normal  stress,  snear 
stress  anc  a  normal  component  of  visccplastic  strain  on  tnat 
plane.  In  turn,  the  effective  normal  stress  and  shear  stress  on 
a  plane  are  a  function  of  net  oniv  magnituce  of  principal 
stresses  cut  also  of  their  directions.  If  loacing  is  such  that 
the  direction  of  principal  stresses  stays  fixed,  as  is  the  case 
with  triaxial-axial  tests,  then  tne  hardening/ softening  proceecs 
on  seme  fixed  planes  and  leads  to  isotropic  hardening.  Cn  tne 
other  hana,  only  selective  hardening/ softening  will  take  place 
involving  anisotropy  inducec  by  plastic  flow  if  the  direction  of 
principal  stresses  rotates  during  loading.  The  main  advantage  of 
the  proposed  model,  which  we  shall  term  as 
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accounting  for  rotation"  (CSMAR)  of  principal  stresses  and  cyclic 
softening,  is  its  utmost  simplicity. 

DETERMINATION  OF  MATERIAL  PROPERTIES 

The  proposed  numerical  framework  for  investigating  the 
constitutive  relationship,  starting  with  a  definition  of  yield 

I 

surface  on  an  -  T  plane,  flow  rule  and  hardening  rule,  is 
extremely  simple  in  terms  of  computer  programming. 

The  summation  implied  by  equation  (12)  is  accomplished 
numerically.  Several  trial  and  error  studies  have  led  to  the 
choice  of  number  of  contact  planes  surrounding  a  point  as  10  in 
one  octant.  Another  10  planes  are  taken  as  mirror  images  in  the 
adjacent  octant  making  K  =  20.  Because  of  symmetry,  only  one 
quadrant  of  upper  or  lower  hemisphere  need  be  considered. 

Details  of  direction  cosines  of  these  planes  and  associated 
transformation  matrices,  etc.  are  indicated  in  Appendix  I.  The 
computations  involved  are  made  only  once  and  are  then  stored. 

The  equation  (12)  also  involves  the  computations  of  the 

I 

derivatives  of  a  and  T  with  rescect  to  the  stress  vector.  The 

n 

•  vp 

associated  algebra  is  given  in  Appendix  II.  Cnee  the  e  is 
computed  for  each  Gauss  point  based  on  the  contribution  cf  20 
planes,  the  standard  viscoplastic  algorithm  (Cormeau,  1976; 
Zienkiewicz,  1977)  is  adopted  involving  repeated  solution  cf 
equations  of  the  type 

(  22) 
v 

where  K  is  the  overall  stiffness  matrix  of  the  system,  D  is  the 
drained  elasticity  matrix  and  the  righthand  side  term  R  includes 


the  influence  of  initial  effective  stress/  initial  pore  water 
pressure/  body  forces/  imposed  tractions/  etc. 

B  is  the  strain  matrix  in 

s  =  B  6  (23) 

5  being  the  nodal  displacement  vector  of  the  system. 

The  numerical  examples  in  this  section  are  designed  keeping 
the  following  aims  in  mind. 

(a)  to  show  that  the  proposed  model/  with  the  fixed 
directions  of  principal  stresses  and  monotonic  loading,  gives  the 
same  results  as  the  conventional  critical  state  model,  but,  in 
contrast  to  the  critical  state  model,  the  proposed  model  (CSMAR) 
gives  different  results  when  axes  of  principal  stresses  are 
rotated  in  truly  t r iax ial -a x ial  situations. 

(b)  to  show  that,  with  proper  choice  of  cyclic  strain 
softening  parameters,  experimentally  observed  behavior  of  pore 
pressure  generation  can  be  simulated.  At  low  intensities  of 
stress,  such  simulation  leads  to  purely  elastic  behavior,  while 
at  higher  intensities,  the  failure  occurs  after  a  number  of 
cycles  which  can  be  controlled  by  the  constant  8. 

VALIDATION  OF  THE  FINITE  ELEMENT  PROGRAM 

Soils  Used 

One  remolded  soil  was  employed  in  this  study.  Kaolinite  was 
used  because  the  variation  among  samples  can  be  reduced  and 
because  its  engineering  properties  are  well  known. 

The  kaolinite  used  in  this  investigation  is  mined  at  Bath, 
South  Carolina.  In  the  form  of  dry  powder,  it  is  available 
commercially  under  the  name  of  Peerless  No.  2,  supplied  by  R.  T. 


Vanderbilt  Company,  New  York.  Occurring  in  a  pure,  highly 
crystalline  form  in  nature,  this  clay  is  ideal  for  soil  mechanics 
research  as  it  does  nor  undergo  extreme  purification  treatments 
such  as  acid  washing.  One  important  property  of  this  clay  is  its 
high  permeability.  Fig.  4  shows  the  grain  size  distribution, 
determined  from  a  hydrometer  analysis. 

Precarat  ion  o  f  Kaol  mite  Samples 

Oevice  ana  Sample  Preparation  Procedure 

The  variations  among  samples  should  be  maintained  at  a 
minimum  in  tne  experimental  study  oi  mecnanicai  behavior  of  soil. 
Therefore  the  kaolinite  samples  were  preparec  using  a  special  technique 
Fig.  5  shews  the  device  used  preparing  the  samples. 

It  consists  of  an  aluminum  tube  12  inches  high  ana  4  inches  in 
diameter.  The  inside  wall  of  the  tube  was  lubncatec  with  Cow 


Corning  2CC  dielectric  fluid  in  order  to  recuce  friction  during 
consolidation  and  extrusion  of  the  specimen.  The  top  and  bottom 
enc  caps  were  comprised  of  porous  plastic  oiscs,  loacing  plates, 
anc  bushings  ter  consolidating  the  soil.  To  measure  pore 
pressure  ana  to  monitor  icaaing  rate  during  consclioation,  a 
pressure  tr  anscucer  was  mounted  at  tne  m.  i  one  i  r.  t  ot  the  tube. 

The  case  o  f  the  cube  was  connectec  to  a  curette. 

A  N o .  uC  U.S.  standard  sieve  (  ^ .  d  w  e  mm  opening)  1 


term  j  vicratma  sieve.  A  procedure,  tailed  "wet  up,"  was 
adopted  to  prepare  the  soil  sample.  Two  spcontuls  ct  air  cry 
kaolinite  were  placed  in  the  viDrating  sieve  and  sitteu  into  tne 
tuce.  The  water  level  in  the  burette  was  maintained  at  tne  level 


of  the  sc  1 1 


bed  the  water  c  r  a  d  u  a  .  .  v 


e  :  r  t  a  u  e . 


The  soil  then  imbi 
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reo  water  just  appeared  over  tne 


■  l  tne  ciav.  Mere 


KJCiiniti?  was  then  sitter:  into  tne  tote.  Tn.e  procedure  was 
repeated  until  tne  desireo  sample  he  lent  (ascut  9  inches)  was 
reached.  It  has  been  shown  by  Martin  anc  Lacd  ( 1 9 7 C )  that  this 
procedure  produces  a  randomly  oriented  particle  structure.  The 
initial  water  content  is  accut  90  percent. 

Consolidation  or  Slurry 

Cnee  tne  desired  height  of  the  sc l 1  sample  was  reached, 
a  sn.eet  ct  filter  oaser,  a  porous  plastic  cioc  anc  a  lea  cine 


plate  were  piaceo  on  the  clay  s  u  r  f  a  c  < 


'he  connection  at  tne 


base  was  removed.  Two  loading  rams  were  then  inserted  through 
the  bushings  in  the  top  and  the  base  plates  anc  screwed  on  the 
loading  plates.  Thus,  the  tube  acteo  as  a  "floating  ring" 
consolidometer.  During  consolidation,  displacements  were 
directed  to  ware  the  middle  from  b  o  t  n  top  and  bottom, 
scatter  in  the  data  points.  This  may  be  cecause  of  the 
accuracies  in  determining  the  initial  compression  of  soil*,  tne 
variations  in  the  initial  water  content  or  the  possiole  varia¬ 


nts  m  tne  decree  ct  satura! 


.he  data  c:u.c  o  e  accroxi- 


mated  Dy  a  straight  line.  The  water  content  after  consolidation 
is  acout  4C  percent.  The  time  needeo  to  consolidate  the  soil  to 
a  vertical  predetermined  pressure  depends  upen  the  height  of  the 
sample  . 

*  During  the  attachment  cf  the  leading  rams  to  the  leading  plates 
and  tne  placment  of  the  tube  on  the  loading  machine,  the  specimen 
compressed  under  its  own  weight  and  the  weight  of  the  leading  ram 
and  the  plate.  The  amount  of  compression  was  difficult  to 
determi ne. 


Triaxial  TesC 


The  triaxial  test  is  a  very  common  soil  test  which  is  used 
in  both  research  and  design  practice.  The  outstanding  advantages 
of  the  triaxial  test  are  the  relative  ease  of  preparing  the 
undisturoed  sample/  the  control  of  drainage  conditions  anc  the 
measurement  of  pore  pressure. 

Equipment 

All  triaxial  compression  tests  were  performed  in  E.L.E 
triaxial  cells.  The  ram  frictions  of  the  triaxial  cells  were 
carefully  calibrated  at  tne  various  cell  pressures. 

The  imposed  pressures  or  deformations  during  the  test 
snculd  be  kept  as  uniform,  as  possible  in  the  experimental  study 
of  mechanical  behavior  of  soil.  Therefore/  tne  kaolinite  samples 
were  tested  with  enlarged  lubricated  end  platens  (Rowe  anc 
Barden,  1964;  Barden  and  McDermott,  1965).  The  top  cap  is  made 
of  lucite  and  the  base  platen  is  made  of  stainless  steel.  A 
memorane,  having  a  thicxness  of  0.C15  inches,  was  piacec  between 
the  scii  sample  and  the  end  platen.  The  membrane  was  luoncated 
with  Dow  Corning  nigh  vacuum  grease  and  was  cut  at  intervals 
arounc  tne  perimeter  to  he  ip  relieve  the  circumferential  stress 
at  large  strains.  The  bottom  porous  stone  was  0.21  incr.es  in 
diameter. 

For  ail  samples,  only  bottom  drainage  was  allowed.  Sice 
crams  were  used  for  tests  with  regular  end  platens. 

Setup  of  Sample 

Before  the  start  of  each  test,  tne  drainage  lines  were 
flusnec  with  deairec  water.  The  specimens  were  caretully 


centered  between  the  two  end  platens.  Using  a  membrane  expander, 
a  rubber  membrane  (Trojan  prophylactics)  was  slipped  over  the 
sample.  A  rubber  band  was  carefully  rolled  around  the  sample, 
forcing  cut  air  trapped  between  tne  sample  and  the  membrane.  The 
membrane  was  secured  to  the  platens  wi.th  two  O-rings,  and  Dew 
Corning  2CC  fluic  was  lightly  applied  to  the  membrane.  Then  the 
second  mem crane  was  placed  over  the  first  and  fastened  securely 
to  the  platens  with  O-rings. 

EXAMPLE  1:  TRIAXIAL  TEST  UNDER  MCNCTCNIC  LOADING 

A  triaxial  compression  test  under  isotropic  conso 1  i da t ion  is 
simulated  using  the  following  data: 

E  =  21CCGC  kN/m2 
v  =  C.  3 

Pcc  =  28C  k N / m z 
M  =  C. 772 

X  =  7CC ( 7CCC  for  CSMAR ) 

0 '  =  2Cc 

Computations  are  mace  using  octn  tne  conventional  critical 
state  model  ( C  S  M  )  ana  the  proposed  mcael  (CSMAR).  Figure  6  shows 
tne  (  ~ .  ,  i  -  )  versus  axial  strain  (  to  )  ana  volumetric  strain 
versus  uncer  drained  ccnciticns.  Figure  7  snows  tne  {  >  -  j-' 

versus  -t ,  ana  excess  pore  pressure  versus  for  tne  undramea 
case.  The  comparison  mcicates  tnat  results  fron  tne  CSMAR  are 
almost  tne  same  as  these  rrom  OEM.  However,  it  tho  direction  of 
principal  stress  is  rctatea  tnreugh  ISC'",  as  discussec  in  example 
2,  then  at  seme  point  in  the  stress  path  (Point  z  in  Figs,  c  ana 
7)  the  stress-strain  ccrvp  ter  tne  CEMAR  model  would  remain 
jnenanoea.  Figure  c  shows  the  comparison  of  (  :^  -  *-)  versus 


V 

£^(=£2  -  — )  curves  for  CSM  and  CSMAR  with  experimental 
results  of  Boulder  clay  (Naylor,  1975;  Jones,  1975).  The 
comparison  of  (a^  -  03)  versus  e^  is  very  good  while  that  of  £v 
versus  e^  is  reasonable. 

EXAMPLE  2:  A  TRULY  TRIAXIAL  TEST 

In  order  to  illustrate  the  response  of  the  model  to  rotation 
of  principal  axes,  an  imaginary  truly  triaxial  test  is  devised 
which  could,  in  principle,  be  performed  in  the  laboratory.  It  is 
imaginec  t ha t  a  clay  specimen  is  isotropically  or  anisotropically 
consolidated  tc  a  specified  degree.  Cne  of  the  principal 
stresses  is  then  raised  incrementally,  Keeping  the  other  two 
principal  stresses  equal  and  unchanged.  After  a  few  increments, 
a  system  cf  stresses  is  successively  applied  so  that  the 
magnitude  cf  principal  stresses  is  uncr.ancea  but  their  directions 
are  progressively  rctateo  in  the  plane  passing  through  major  and 
miner  stresses,  as  snewn  in  Figure  9. 

Figure  1C  snows  the  total  anc  effective  stress  paths  followed 
oy  the  clay  element  in  ccnsclioateo  drained  and  undrainec  tests. 
The  final  stress  situation  at  which  the  rotation  of  principal 
axes  is  incuced  is  snewn  bv  a  large  act.  Using  the  same  oata  as 


given  in  Example  1,  computations  for  plastic  strains  were  made. 
Twc  aarameters,  r  anc  s,  defined,  as  below  were  studied. 


defined 

,  as 

VD 

£  I>  at  I. 

=  9 

4?  at  0 

=  C 

:v?  at  -1 

V 

= 

:7P  at  t 

V 

— 
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Figure  10 


Total  and  effective  stress  paths  for  isotropically 
consolidated  drained  and  undrained  triaxial  tests. 
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where  e j  j  =  second  invariant  of  deviatoric  viscoplastic  strains 


-  /2[(e“P)2  *  ) 2  2  Uv/>2]  *  v2y 

=  volumetric  viscoplastic  strains 
9  =  the  angle  which  the  current  major  principal  stress 
axis  makes  with  the  initial  position 

Figures  (11)  and  (12)  show  variation  of  r  and  s  with  9  for 
consolidated  drainec  ana  undrainea  tests  for  various  KQ 
cond l t ions . 

These  results  clearly  indicate  that  the  influence  of 
rotation  of  principal  axis  could  be  considerable. 

r  and  s,  which  are  obviously  constant  and  equal  to  1  for 
critical  state  model,  vary  up  to  nearly  1 C 0 %  in  seme  cases  when 
tne  CSM  AR  model  is  usee. 

EXAMPLE  2;  ' CSMAR '  IN  CYCLIC  TRIAXIAL  COMPRESSION  TEST 

This  example  shows  tne  behavior  of  the  model  in  the  cyclic 
triaxial  compression  test.  The  parameters  chosen  for  the  soil 
sample  are  as  follows: 

E  =  38 4 C  kN/m2 


V  (j  •  J  A  “  U  •  4  w 

■5*  =  2Cc  <  =  0.G5 

Pco  =  40  kN/m2  ec  =  l.C 

X  =  ioc 

Nitn  these  parameters,  the  monctonic  failure  stress  oncer 

t  • 

consolidated  undrained  conditions  is  given  by  a  =  a  - ,  =  5w.c 

-j  +  2  z-i  ' 

kN/m^  and  p  =  —  -  =  44.5  kN/'m^.  Cyclic  leading  test  was 

3 

performea  with  q  =  .  The  value  of  other  constants  relates  to 

cyclic  loaaing  are  as  follows: 
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Kx  =  0.95 
K2  =  0.5 


ts  =  0.025 


The  effective  stress  path  followed  by  the  specimen  is  shown 

on  a  q-p  plot  in  Fig.  13.  Fig.  14  shews  the  pore  pressures 

versus  the  number  of  cycles.  Fig.  15  shows  the  q  versus 

2 

deviatoric  strain  being  defined  as  -  (ej_  -  e  s)  where  and  t- 

3 

are  axial  and  radial  strains. 

In  this  model  the  generation  of  pore  pressures  is  initially 
very  gradual.  The  stress-stra in  and  pore  pressure  generation 
curves  closely  fellow  the  experimentally  observed  pattern  and  the 
cyclic  strain  softening  depends  on  the  level  of  cumulative  cyclic 
clastic  strains  on  inciviaual  planes. 

CONCLUSIONS 

A  micro-structure  mccel  which  responds  to  the  rotation  of 
principal  axes  and  accounts  for  the  cyclic  strain  softening  has 
been  presented.  Ihe  model  can  be  further  extended  to  account  for 
cyclic  degradation.  A  ncnstructurol  autogenous  strain  component 
p.as  seen  keca  in  the  formulation  to  mccel  transient  lcacinc 


or.  citicns. 


:nceptuaiiy  very  simple/  the  prcposec  mccei  can  ce 


neerperated  in  the  finite  element  code  very  easily. 
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ABSTRACT 

Efforts  were  directed  at  a  study  of  the  flagellar  antigens  of  the 

i 

Legionellae,  the  recovery  techniques  for  the  isolation  of  the  organisms 
from  natural  aquatic  habitats,  and  the  development  of  techniques  for  the 
isolation  of  bacteriophage  capable  of  infecting  Legionellae.  Some 
differences  among  species  were  noted  with  regard  to  flagellar  antigens. 
However,  continued  work  is  needed  in  order  to  consistently  produce  highly 
purified  preparations  of  these  antigens.  Membrane-antigen  contamination 

I 

appears  to  be  a  major  problem.  The  occurrence  of  Legionella-like  organisms 
in  natural  aquatic  habitats  follows  a  seasonal  pattern  with  a  maximum 
number  occurring  in  August.  Standard  enrichment  techniques  for  phage 
isolation  failed  to  provide  for  recovery  of  these  viruses.  More  work  is 
needed  in  this  area.  A  lysogenic  phage  was  demonstrated  by  electron 
microscopy  after  treatment  of  Legionella  lab  cultures  with  ultraviolet 
light.  Methods  for  propagation  of  this  virus  are  under  study. 


I.  INTRODUCTION: 


The  family  Legionellaceae  contains  the  organism  responsible  for 
Legionnaires'  Disease  (Legionella  pneumophila )  and  an  additional  number  of 
species  which  may  be  associated  with  human  disease.  Currently  23  species 
of  Legionella  have  been  proposed  (Brenner,  et  al.,  1985).  The  difficulty 
in  dealing  with  this  large  number  of  species  is  made  more  complex  by  the 
large  number  of  serogroups  (at  least  37).  This  group  of  organisms  has  been 
characterized  only  recently  due,  in  part,  to  the  fact  that  Legionella 
pneumophila  was  first  described  in  1977.  These  organisms  are  phenotypicallv 
unique  from  other  known  bacteria.  Because  the  scientific  community  has  had 
only  a  short  time  for  to  study  these  organisms,  basic  research  is  needed  in 
regard  to  the  microbiology  of  these  organisms. 

Areas  of  study  needed  have  included  the  resolution  of  generic 
designation  among  the  various  species.  Also,  more  information  is  needed 
regarding  the  cell  structure,  composition,  and  antigen  analysis  and  the 
methods  for  routine  isolation  and  propagation  of  bacteriophages  that  might 
infect  this  group  of  organisms. 

II.  OBJECTIVES: 

The  objectives  of  this  research  included:  1)  studies  of  the  flagella 
isolated  from  various  species  of  Legionella :  2)  continued  study  of  methods 
for  improving  the  isolation  of  these  organisms  from  potable  and  nonpotable 
water  supplies;  and,  3)  the  development  of  techniques  for  the  isolation  and 
characterization  of  bacteriophages  capable  of  infecting  Legionellae. 

III.  NOMENCLATURE: 

Eight  Legionella  species  were  used  in  the  present  studv.  These 


IncLuded  L^  bozeman i i ,  L .  dumof f i i ,  L.  gorman i i ,  L.  micdadei,  L. 


pneumophila ,  L.  jordanis,  L.  wadsworthii ,  and  longbeachae .  All  species 
were  serogroup  1  organisms. 

IV.  ISOLATION  AMD  CHARACTERIZATION  OF  FLAGELLA: 

Elliott  and  Johnson  (1981)  first  ioslated  flagella  of  Legionella 
pneumophila.  These  authors  proposed  the  use  of  flagellar  antigens  in 
serogrouping  of  Legionellae.  This  work  has  been  followed  by  others  that 
have  shown  differences  in  passive  hemagglutination  patterns  using  various 
flagellar  antigens  of  the  Legionella  (Rogers  and  Laverick,  1984). 

Therefore,  the  current  study  was  undertaken  to  continue  characterization  of 
flagellar  antigens  of  the  various  Legionella  sp.  An  initial  study  was  done 
using  the  procedures  Elliott  and  Johnson  (1981).  Organisms  were  grown  on 
buffered  charcoal  yeast  extract  agar  and  flagella  were  removed  by  passage 
of  the  organisms  through  a  27-guage  needle.  The  flagella  were  then  further 
purified  by  cycles  of  differential  centrifugation.  Standard  polyacrylamide 
gel  electrophoresis  (PAGE)  of  nonsolubilized  flagella  showed  few 
contaminating  proteins  (Figure  1).  The  use  of  solubilized  flagella  run  on 
a  sodium  dodecvl  sulfate  (SDS)-PAGE  gel  stained  with  silver  produced  a 
number  of  unexpected  bands  (Figure  2).  The  purity  of  such  preparations 
prepared  by  this  method  were  then  questioned. 

Effort  was  directed  toward  other  purification  procedures.  Removal  of 
the  flagella  in  a  TRIS  buffer  contain  the  nonionic  detergent  Triton  \-100 
resulted  in  flagellar  preparations  which  were  then  subjected  to  cesium 
chloride  density  gradient  ultracentrifugation.  Before  centrifugation, 
flagella  preparations  showed  considerable  contamination  (Figure  3). 

However,  after  centrifugation,  distinct  bands  of  contaminating  vesicles 
(Figure  4)  and  flagella  (Figure  5)  were  obtained.  However,  an  SDS-PAGE 
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analysis  of  solubilized  flagella  still  showed  come  unexpected  contamination 
(Figure  6).  It  should  be  noted  that  the  number  of  contaminating  bands  was 
smaller  than  using  the  first  procedure. 

These  findings  would  indicate  there  are  some  antigenic  differences 


among 


species,  particularly  L.  pneumophila  and  bozemanii  that,  when 


using  a  more  sensitive  SDS-PAGE  staining  procedure  (silver  stain  vs. 
Coomassie  blue  stain) ,  additional  protein  bands  exist  in  the  gel  and  that 
some  species  differences  exist  regarding  such  flagellar-associated 
antigens.  Therefore,  the  use  of  flagella  or  flagellar  associated  antigens 
warrants  additional  study.  Because  of  species  differences,  such  procedures 
may  have  potential  for  use  in  differentiating  the  various  species  of 
Legionella.  Recent  studies  of  the  outer  membrane  of  Legionella  by  Ehret 
and  Ruckdeschel  (1985)  would  indicate  that  both  membrane  and  flagellar 
antigens  are  important  in  antigenic  differentiation  of  species. 

V.  ENVIRONMENTAL  ISOLATION: 

Eight  lakes  and  one  old  quarry  in  the  St.  Cloud  area  were  routinely 
tested  for  the  presence  of  Legionella  or  Legionella- like  organisms.  This 
aspect  of  the  study  was  conducted  during  the  period  from  May  to  September, 
1986.  Both  culture  (using  concentrated  water  samples)  and  fluorescent 
antibody  staining  were  used  to  follow  the  presence  of  presumptive- 
Legionella  in  these  natural  bodies  of  water.  The  term  presumptive  is  used 
because  the  identity  of  isolated  organisms  was  not  confirmed  using  DNA 
homology  testing.  Three  test  sites  yielded  Legionella-like  organisms 
during  earlv  August.  Testing  at  other  time  periods  gave  negative  results. 
These  findings  are  similar  to  those  reported  by  Braun  (1982)  for  natural 
bodies  of  water  in  New  York  state.  Apparently  similar  ecological  factors 


such  as  water  temperature  and  growth  of  associated  organisms  (algae) 
influence  the  seasonal  distribution  of  Legionella  organisms  in  natural 
bodies  of  water  in  Minnesota. 

VI.  BACTERIOPHAGE: 

Extensive  efforts  were  devoted  to  the  isolation  of  phage  infective  for 
Legionella.  This  was  a  very  difficult  aspect  of  the  study  due,  in  part,  to 
the  complex  growth  requirements  of  Legionellae  in  the  laboratory.  Attempts 
were  made  to  increase  the  number  of  phage  present  in  water  from  a  number  of 
sources.  Water  from  cooling  towers  and  a  sewage  treatment  plant  were  used. 
An  attempt  was  made  to  find  host  cell  populations  among  laboratory  strains 
as  well  as  the  presumptive  organisms  isolated  from  the  environment. 
Enrichment  was  attempted  at  a  variety  of  temperatures  (20°C,  25°C,  30°C, 
and  37°C)  and  growth  conditions  (isolated  cultures,  shaking  cultures, 
biphasic  cultures,  and  aerated  cultures).  Several  months  of  efforts  were 
devoted  to  these  studies  using  all  eight  laboratory  organisms. 

Results  of  such  studies  would  indicate  that  recovery  of  phage  is 
difficult;  propagation  is  even  more  complex.  Treatment  of  laboratory 
strains  of  Legionellae  with  ultraviolet  (UV)  light  and  mitomycin  C  would 
indicate  that  a  small  virus  may  be  recovered  after  UV  treatment  (Figures  7 
and  8).  Recovery  of  this  particle  was  consistent  with  UV  treatment  of 
Legionellae.  This  phase  of  the  study  must  be  continued  to  refine  the 
isolation  of  both  lysogenic  and  free  virus  strains.  To  date,  no 
satisfactory  enrichment  procedures  has  been  developed  although  many 
procdures  have  been  tried. 


A  number  of  isolation  protocols  are  under  study.  These  include  methods 
for  isolation  of  phage  associated  with  Streptomvces  azureus  (Ogata,  et  aL., 


1985),  Bacillus  sp.  (Seldin,  et  al.,  1984),  Yersinia  ruckeri  (Stevenson  and 


Airdria,  1984)  and  Brucella  sp.  (Corbel,  1984) 


FIGURE  2.  Tracing  of  an  SDS-PAGE  analysis  of  solubilized  flagella 
preparations  prepared  by  the  method  of  Elliott  and  Johnson  (1981).  A  wide 
distribution  of  unexpected  proteins  were  observed.  Lanes  1-4  represent  L. 


bozemanii .  L.  micdadei ,  L.  longbeachae ,  and  gormami .  Lane  5  represents 
molecular  weight  standards  with  the  following  molecular  weights  from  top  to 
bottom  (A-F):  92,500;  66,200;  45,000;  31,000;  21,500;  and  14,400.  The  S 

represents  the  region  of  the  stacking  gel. 
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j.  FI  ron  mic  ngnph  of  flagella  prepared  f  rom  bo  .coma  n :  :  b 

he  method  of  Elliott  and  Johnson  (1981).  Note  extensive  contamination 
ith  vesicular,  membrane-1  ike  material.  (Magnification:  x40,000). 


?rJ7-'?.F.  : .  Elec*  ron  -nr  rogr  iph  of  :  fio  r".  i-^Ilar  f  ract  ion  obtained  :  ro 
boze mar. 1 i  after  cesium  chloride  density  gradient  ultracentrifugation. 
S'ote  the  preparation  appears  to  be  clear  of  membraneous  contamination 
( Magn  1  f  1  cat  ion  :  x2Q ,  ')00 )  . 


"  •  ’  ■  r.  ‘i .  Di  r<*<:  r  photographic  :nor«»s<?ion  it  in  ^PS-PAOE  si  ib  gel 
propar.it;  ion  comparing  preparations  of  solubilized  flagella  from  L. 
bozcnan  1 1  ("Lanes  1  and  3)  and  pneumophila  ( Lanes  2  and  A).  The  marker 

in  Lane  3  has  a  molecular  weight  of  45,000.  The  preparations  after  densit 
gradient  centrifugation  were  clearlv  purer  than  earlier  preparations  with 
major  bands,  as  expected,  in  the  range  of  a  molecular  weight  of  45,000. 


ron  -ni •;  rograpn  •>!  i  propan;  ion  of  ineuno oh i  I  a  if 
treatment  with  ultraviolet  light  for  20  seconds.  Note  the  appearanc 
small  particles  on  the  surface  of  the  organism  (arrow).  (Magnificat, 
x 20, 000) 
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I.  INTRODUCTION 

This  work  represents  a  continuation  and  expansion  of  studies  originally 
carried  out  during  a  faculty  summer  research  fellowship  period  (1).  in 
connection  with  the  computer-based  pharmacokinetic  model  for  inhaled  vapors 
developed  by  Andersen  et  al.  (2,3),  research  was  begun  on  means  for  estimating 
the  tissue  solubilities  and  kinetic  parameters  of  halogenated  hydrocarbons 
based  solely  on  the  structures  of  the  compounds .  In  the  present  work  these 
preliminary  studies  have  been  extended  and  amplified.  The  results  reported 
stem  from  the  efforts  of  graduate  students  Michael  L.  Gargus  and  Steve  Dixon, 
undergraduate  student  Diane  E.  Brooker,  and  the  principal  investigator. 
Reported  are  the  extension  of  the  structure-solubility  relationships  to 
include  new  compounds,  the  examination  of  new  parameter  approaches,  computer 
hardware  and  software  developments,  and  the  status  of  investigations  of  the 
kinetic  parameters.  Only  brief  summaries  of  the  major  results  are  presented; 
more  in-depth  treatments  are  available  in  internal  reports  of  our  research 
group . 


II.  STRUCTURE-SOLUBILITY  RELATIONSHIPS 

In  our  original  studies  a  set  of  25  halocarbons  was  examined  (1).  This 
original  set  contained  mostly  chlorinated  halocarbons  and  relatively  few 
fluorinated  and  brominated  species.  To  improve  our  understanding  of  the 
physical  properties  of  the  latter  species  seven  fluorinated  and  brominated 
compounds  were  added  to  expand  the  data  set  to  32  compounds.  Broadly 
speaking,  no  dramatic  changes  were  observed  in  the  forms  of  the  resulting 
regression  equations  obtained  for  eight  representative  physical  properties;  on 
the  whole  the  connectivity  indices  yielded  slightly  worse  fits  for  the 
expanded  data  set  and  the  ad  hoc  descriptors  yielded  slightly  improved  fits. 

As  expected,  error  limits  for  the  coefficients  of  the  numbers  of  fluorine  and 
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bromine  atoms  in  the  ad  hoc  descriptor  regression  equations  were  improved 
substantially,  allowing  more  meaningful  comparisons  of  the  influences  of  these 
halogen  atoms. 

A  number  of  different  possible  improvements  in  the  parameterization 
schemes  for  the  halocarbons  were  explored.  In  the  earlier  work  the  Wiener 
distance  approach  was  found  to  be  inadequate  for  description  of  the  tissue 
solubilities  and  physical  properties  of  the  halocarbons  (1).  This  was 
attributed  to  the  failure  of  the  original  Wiener  scheme  to  take  into  account 
the  electronic  differences  among  halogen  atoms.  A  scheme  purporting  to  do  so 
has  been  proposed  by  Barysz  et  al.  (4).  This  scheme  was  tested  but  also 
failed  to  yield  any  significant  improvement  in  the  analysis  of  the  physical 
properties  and  tissue  solubilities.  We  conclude  that  an  adequate  electronic 
parameterization  for  the  Wiener  scheme  remains  to  be  developed. 

Molecular  volumes  and  surface  areas  have  frequently  been  suggested  as 

significant  factors  influencing  solubility.  E.g.,  Leo  et  al.  (5)  have  argued 

that  cavity  size  (molecular  volume)  is  a  key  determinant  of  the  octanol/water 

partition  coefficient.  Therefore  molecular  volumes  and  surface  areas 

calculated  by  several  methods  were  tested  as  modeling  parameters  for  the 

halocarbon  oil,  water  and  saline  solubilities.  To  account  for  electronic 

effects  molar  refraction  (MR)  and  the  polar  hydrogen  factor  Q  (see  below) 

H 

were  included.  In  no  case  was  a  good  regression  fit  obtained  using  volume  or 

surface  area,  although  a  satisfactory  fit  for  the  oil/air  partition  coefficient 

2 

(modeled  as  its  logarithm,  r  =  0.961)  was  obtained  using  MR  and  Q  alone. 

H 

Information  indices  have  been  used  successfully  to  model  a  variety  of 
properties  (6,7).  The  ability  of  such  indices,  using  Kier's  "negentrophy" 
definition  (7),  to  model  halocarbon  solubilities  was  examined.  The  results 
were  disappointing,  and  no  satisfactory  model  for  solubility  was  obtained 
using  these  indices. 
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coefficients,  physical  properties,  and  structural  parameters  of  these 
compounds.  Both  orthogonal  and  oblique  rotations  were  employed.  The  results 
were  both  interesting  and  informative.  For  the  six  partition  coefficients  two 
significant  dimensions  were  found,  accounting  for  97.7%  of  the  variation  in 
the  data.  These  dimensions  can  be  interpreted  as  representing  lipid  and 
saline  solubilities.  Analysis  of  the  physical  properties  indicated  that  the 
majority  of  these  properties  were  heavily  loaded  on  a  factor  most  reasonably 
identified  as  representing  dispersion  forces,  or  in  Cramer’s  terminology  (14), 
a  "bulk”  dimension.  Melting  points  and  water  solubilities  appeared  largely  as 
separate  dimensions.  For  the  structural  parameters,  six  Wiener  indices 
accounted  for  3  dimensions,  eleven  convectivity  indices  7  dimensions,  and  six 
ad  hoc  descriptors,  5  dimensions.  The  greater  dimensionalities  of  the 
connectivity  indices  and  the  ad  hoc  descriptors  compared  to  the  Wiener  indices 
may  explain,  at  least  in  part,  the  greater  success  of  these  indices  in  modeling 
the  properties  of  the  25  halocarbons. 

III.  COMPUTER  DEVELOPMENT 

Through  a  separate  grant  from  the  State  of  Ohio  it  was  possible  to 
purchase  several  important  computer  hardware  items,  greatly  enhancing  our 
abilities  to  perform  a  variety  of  calculations  relevant  to  the  present 
project.  A  DEC  VT  241  color  graphics  terminal  and  a  Tektronics  4107A  color 
graphics  terminal  were  initially  purchased.  Both  allow  excellent 
communications  with  Wright  State  University’s  mainframe  computers,  most 
importantly  the  VAX  11/785.  In  conjunction  with  these  purchases  we  were 
fortunate  to  acquire  from  colleagues  at  other  universities  two  graphics 
software  packages,  PLUTO  and  MODEL,  both  of  which  allow  simplified  compound 
structure  input  and  display.  Other  software  acquisitions  allow  us  now  to 
perform  a  variety  of  calculations  ranging  from  Allinger’s  empirical  molecular 


In  our  previous  work  the  polar  hydrogen  factor  Q  developed  by  Di  Paolo 

H 

et  al.  (8)  was  employed  and  found  to  be  an  important  descriptor  for  both 

halocarbon  tissue  solubilities  and  physical  properties  (1).  This  parameter  is 

intended  to  represent  the  influences  of  the  polarized  carbon-hydrogen  bonds 

arising  from  the  inductive  effects  of  nearby  halogens.  The  origins  of  this 

parameter  are  somewhat  obscure,  and  it  was  deemed  useful  to  explore  alternative 

ways  of  representing  this  important  structural  property.  Alternative  schemes 

developed  by  Hansch  et  al.  (9)  and  Davies  et  al.  (10)  were  examined  in  detail, 

but  were  judged  to  be  less  useful  than  the  Q  model  of  Di  Paolo  et  al.  (8). 

H 

However,  it  was  noted  that  a  simplified  form  of  Q  which  treats  all  halogens 

H 

as  equivalent,  yields  results  virtually  identical  to  those  for  Q  . 

H 

In  addition  to  the  above  studies,  more  sophisticated  measures  of 
carbon-hydrogen  bond  polarity  were  also  examined.  Gasteiger  and  co-workers 
(11)  have  developed  an  emperical  scheme  based  on  partial  equalization  of 
orbital  electronegativities  (PEOE)  that  appears  to  yield  excellent  values  for 
atomic  charges  in  atoms.  A  computer  program  was  developed  to  perform  PEOE 
calculations,  and  charges  on  the  atoms  of  our  basic  set  of  25  halocarbons  were 
determined.  Based  on  these  charges  a  wide  variety  of  potential  "polarity" 
parameters  was  developed  and  tested.  Most  failed  to  yield  improvements; 
however,  several  indices  based  on  halogen-halogen  and  halogen-hydrogen 
interactions  led  to  improved  regression  equations  for  both  water  and  saline 
solubilities  of  the  halocarbons.  The  theoretical  significance  of  these  latter 
indices  remains  to  be  elucidated. 

Factor  analysis  is  a  statistical  technique  which  allows  one  to  gain 
insight  into  the  inherent  dimensionality  of  a  set  of  properties  or  other 
variables  (12,13,14).  In  order  to  better  understand  the  properties  of  our  set 
of  25  halocarbons  the  method  of  factor  analysis  was  applied  to  the  partition 
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mechanics  method  through  semiempherical  (e.g.  INDO,  UNDO ,  AMI)  and  ab  initio 
molecular  orbital  calculations.  Because  of  the  great  value  of  having  a 
flexible  menu  of  techniques  at  our  disposal,  considerable  effort  was  expended 
to  acquire,  set  up,  and  integrate  these  programs  into  our  graphics  system. 

In  some  cases  it  proved  desirable  or  necessary  to  write  our  own  programs. 
Programs  were  developed  for  the  following  purposes:  (1)  calculation  of 
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ABSTRACT 


Several  computer  programs  for  numerical  solution  of  systems  of  1st  order 
differential  equations  have  been  written  for  testing  and  implementation  in  the 
digital  simulation  for  the  dynamics  of  surface-to-air  missiles.  Another 
computer  program  for  smoothing  noisy  data  with  spline  functions  have  been 
developed  for  use  in  smoothing  of  Cinetheodolite  and  Radar  Data  for  Missiles  and 
Bombs . 

The  smoothing  program  can  be  modified  to  achieve  higher  degree  of  smoothing 
dependent  on  the  nature  of  data.  This  can  be  accomplished  by  developing 
"automatic"  methods  for  choosing  the  smoothing  parameter  using  cross-validation 
methods . 


I.  Introduction 


i 
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This  report  summarizes  the  development  of  more  accurate  methods  for  digital 
simulation  of  surface-to-air  missiles  and  smoothing  of  cinetheodolite  and  radar 
data  for  missiles  and  bombs. 

II .  Methods  for  digital  simulation  of  surface  to  air  missiles: 

Missile  simulation  models  are  5  degree-of-freedom  models.  The  missile  is 
assumed  roll  stabilized  and  flies  in  the  'a'  configuration.  That  is,  the 
aerodynamic  data  base  supports  three  lateral  accelerations  and  only  two 
rotational  accelerations.  Each  of  these  is  computed  in  a  body  coordinate  system 
where  the  principal  axis  is  coincident  with  the  missile  longitudinal  axis.  The 
other  two  axes  are  each  orthogonal  and  lie  in  the  planes  containing  the  yaw  and 
pitch  control  surfaces  respectively. 

The  lateral  accelerations  are  computed  using 

"  =  W  Cn’  V  C»*  V  P’  A13’  *’  W’  V>  S’  V 
;  =  VV  S-  V  u’  A23’  8) 

"  =  f3(p>  V  S’  Cn’  U’  «•  «■  A33 
and  the  two  rotational  accelerations  are  computed  from 
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C  ,  the  axial  force  coefficient 

ci 

C  ,  the  normal  force  coefficient 
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C  ,  the  side  force  coefficient 
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C^,  the  pitching  movement  coefficient 

Cn>  the  yawing  movement  coefficient 

p,  the  air  density 

S,  the  surface  area 

V  ,  the  total  missile  velocity 
m 

d,  the  reference  diameter 

g,  the  gravitational  acceleration 

A„  ,  the  elements  of  the  body  to  inertial  transformation  matrix 
I  ,  the  pitch-yaw  moment  of  inertia 

In  order  to  compute  the  missile  miss  distance,  we  must  keep  track  of  the 
missile  in  an  inertial  coordinate  system.  Using  an  inertial  system  with  its 
origin  at  the  missile  launch  point  and  the  three  axes  being  positive  in  the 
north,  east  and  down  directions  respectively,  the  angular  motion  is  expressed  in 
the  inertial  system  by 

4 

=  (q  sin  <^>  +  r  cosc^>)/cos  c£> 

0  =  q  cos  -  r  sin 

*  * 

^  sin  Q  , 

The  initial  conditions  of ^ @ ,  and  c£j  are  taken  to  be  the  angular  orientation 
of  the  missile  launcher  at  time  of  launch.  The  body  velocities  U,  V,  anu  W  are 
rotated  into  the  inertial  system  to  obtain 


(Aij) 


Thus,  in  all,  eleven  parameters  (five  in  the  body  system  and  six  in  the  inertial 
system)  are  to  be  integrated  numerically. 
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Let  us  arrange  the  above  equations  in  the  form  dy/dt  =  f(t,y) 


where  y  is  the  vector  containing  the  eleven  unknown  parameters. 

The  sponsor  uses  a  "modified  Euler  scheme"  to  integrate  the  above  system  of 
governing  differential  equations.  An  examination  of  the  underlying  theory  of 
numerical  integration  of  differential  equations  reveals  that  such  a  scheme  is 
one  of  a  larger  class  of  solvers  denoted  in  the  literature  as  the  class  of 
one-step  implicit  methods  of  order  one: 

2i+1  -  it  *  h[a-e>  ii+1  *etL\  , 

such  algorithm  is  stable  if  and  only  if  Q  ^  1/2  . 

It  is  known  that  explicit  numerical  methods  of  higher  order  have  rather 
small  regions  of  absolute  stability  when  the  system  is  "stiff"  due  to  broad 
varying  rates  of  some  components  of  the  system.  On  the  other  hand,  implicit 
methods  have  a  some  what  larger  region  of  stability.  However,  recently 
developed  methods  combine  the  predictor  -  corrector  schemes  and  implicit  schemes 
for  use  when  the  system  is  stiff.  In  this  option  corrector's  equation  is 
replaced  by  implicit  methods  and  direct  iteration  of  the  corrector  is  replaced 
by  a  form  of  Newton  or  fixed  point  iteration.  Both  step  size  and  order  are 
variables  in  such  schemes  and  the  computer  programs  can  automatically  change 
order  as  well  as  step  length;  the  strategy  here  being  to  minimize  the 
computational  effort  required  for  local  errors  to  be  less  than  a  stipulated 
bound . 

Unfortunately,  it  was  found  that  variable  step-size  methods  can  not  be 
implemented  in  the  overall  missile  models  used  by  the  sponsor  because  the  use  of 
fixed  step  size  is  inherent  in  other  parts  of  their  subroutines.  However  since 
the  grant  calls  for  developing  such  a  program,  we  present  here  a  program  of 
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higher  order  and  variable  step  size  that  may  be  useful  in  modeling  other 
problems  that  permit  the  use  of  variable  step  size.  We  also  present  a  few 
programs  of  higher  order  accuracy  and  fixed  step  size.  These  latter  programs 
were  modified  for  direct  incorporation  in  the  overall  missile  models  used  by  the 
sponsor.  The  computer  programs  for  these  methods  are  presented  in  appendix  A, 
and  those  with  fixed  step  size  have  been  modified  for  direct  implementation  and 
integration  with  the  mainframe  programs  for  missile  modeling  at  Eglin  Air  Force 
Base.  These  latter  programs  have  been  given  to  the  sponsor  at  Eglin,  for  its 
testing  and  implementation. 

It  is  appropriate  that  we  summarize  these  methods  and  compare  the  accuracy, 
required  effort,  stability,  and  other  features  of  these  methods. 


i  -  Implicit  modified  Euler  method  with  fixed  step  size 


The  method  begins  the  solution  at  i  th  step  using  the  predictor  formula 

2i+l  =  li  +  h  KV  Xi>. 

for  predicting  an  initial  approximation  of  the  solution  at  the  (i+l)th  step, 
then  uses  the  fixed  point  iteration  formula: 

<*0  .  ._r  .  ...  .1  .  ... 


*1+1  =  *i  +  h/2L  ifri+i*  *i+1J^(V  Vi  -  k  = 

to  improve  the  accuracy  until  II  *  Z’i+l^||<'  £  >  where  £  is  a  predescribed 


tolerence  error. 


ii  -  Hamming  method  with  fixed  step  size : 

The  method  begins  the  solution  with  obtaining  the  starting  values  using 
other  methods  such  as  modified  Euler  or  Runge-Kutta  method,  and  then  continues 
with  a  predictor  -  corrector.  The  equations  employed  are 

*i+i.p  =  *i-3  +  4h/3  (2^i  *  *i-l  +  2~i-2 ^ ’ 
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y.,,  =  Z-j.1  ‘  112/121  (y.  -  y.  ), 

^l+l.m  *-1+1, p  ^l.p  n.c 

xi+i.c  =  1/8 1%  -  *i-2  +  3h«i+i,»  +  >ti  - 

*1+1  =  *i+l,c  +  9/121  <*1+1, p  •  *i+l,c> 


It  should  be  noted  that  the  estimate  of  is  modified  using  the  difference 

between  the  predicted  and  corrected  values  in  the  previous  interval  (this  is 
omitted  in  the  first  interval  since  these  are  not  available).  Note  that,  while 
two  additional  equations  are  employed  in  each  step,  only  two  evaluations  of  the 
derivative  functions  are  needed. 

The  special  merits  of  Hamming's  method  are  stability  combined  with  good 

5  4 

accuracy.  The  method  has  a  local  error  of  0(h  )  and  a  global  error  of  0(h  ). 


iii  -  Adam-Moulton  Method  with  fixed  step  size 

Adam-Moulton  method  assumes  a  set  of  starting  values  already  calculated  by 
some  other  techniques.  It  is  usually  employed  in  a  computer  program  using  the 
equations 

predictor:  y...  =  y.  +  h/24  [,55f.  -  59f.  ,  +  37f.  -  9f. 

r  ■'-l+l  w  -1  -1-1  -1-2  -1-3 

corrector:  y.  ,,  =  y.  +  h/24  f  9f .  +  dl9f .  -  5f .  ,  +  f .  .1 

■*•1+1  l  u  -l+l  -i  -l-l  -1-2  + 

These  fourth-order  formulas  are  widely  used,  especially  in  combination  with 

Runge-Kutta,  because  both  kinds  of  methods  have  local  errors  of  O(h^).  The 

corrector  can  be  modified  at  each  step  and  be  used  as  a  fixed  point  iteration 

for  higher  accuracy  using 

CK  J  r  Ck~i) 

*i+l  =  *i  +  h/24  LWi+l*  ^i+15  +  19^i  '  5^i-l  +  fi-23 

,,00  C ).i  _ 

until  J  yi+1  *  where  £is  a  predescribed  tolerence  error.  The 

computer  program  computes  the  starting  values  using  implicit  modified  Euler 
method . 
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iv.  Gear's  method  with  fixed  step  size 

Gear  (1967)  has  proposed  a  predictor-corrector  method  that  has  an  O(h^) 
local  error  but  uses  only  three  previous  steps  rather  than  the  four  previous 
steps  employed  by  Adam-Moulton.  It  obtains  its  high  order  of  error  by  using 
recorrected  values  of  the  function  and  derivative  values.  The  formulas  are: 

*i+l,p  *  -1**!  +  ’*1-1,  +  10ii-2  *  5h*'i  +  18h*'i-l  +  3h*' i-2 


h*’i+l,p  *  -57*i  +  +33*i-2,  +  24hl'i  +  57hS'i-l 


£  =  h*'i+l,p  -  h  ^xi+l'*i+l,p>' 


*1+1  *  *1+1, p  '  95/288S’ 
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y  =  y  +  3/160F, 


*1-1. 


-  11/1440F 


hy 1  =  h  y'  -  F 

This  method  is  stable,  highly  accurate  and  is  normally  used  with  variable  order 
and  step  size.  Gear  (1971)  has  a  listing  and  a  complete  description  of  a 
subroutine  called  DIFSUB,  which  includes  options  for  stiff  and  non  stiff 
systems.  \ 


v  -  Runge-Kutta  Felberg  method  with  variable  step  size 
This  method  uses  adjustable  step  size  in  a  Runge-Kutta  method  of  order  four: 
Yi+1  =  y.  +  25/216  K1  +  1408/2565  j<3  +  2197/4104  -  1/5  K5 

where  =  hf(t.,  y ^ ) > 


:wwws 


K2  =  hf(t.,  +  h/4,  2.  +  1/4  Kx) 


K3  =  hf(t.  +  3h/8,  2a  +  3/32  K  +  9/32  K  ), 

K4  =  hf(t.  +  12h/13,  2i  +  1932/2197  K][  -  7200/2197  K2  +  7296/2197  K3 

K5  =  hf(t  .+h,  2  +  439/216  ^  •  8  K2  +  3680/513  K3  -  845/4104  K4) 

K6  =  hf(ti  +  h/2 ,  2.  -  8/27  K1  +  2K2  -  3544/2565K3  +  1859/4104  K4  -  11/40  K  ) 

The  error  can  be  estimated  from: 

E  =  K./360  -  128K./4275  -  2197  K./75240  +  Kc/50  +  2K,/55 

The  basis  for  this  latter  scheme  is  to  compute  two  Runge-Kutta  estimates  for  the 
new  value  of  Yi+1  but  of  different  order  of  error.  Thus,  we  compare  the 
estimates  of  using  fourth-  and  fifth-order  Runge-Kutta  formulas  and 

comparing  the  results.  Moreover,  both  sets  of  equations  make  use  of  the  same 
K's,  so  only  six  function  evaluations  are  used.  In  addition,  one  can  increase 
or  decrease  h  depending  on  the  value  of  E  at  each  step. 

III.  Smoothing  by  Spline  Functions 

Estimation  and  smoothing  is  the  process  of  extracting  information  from 
data-data  which  can  be  used  to  infer  the  denied  information  and  may  obtain 
errors.  The  sponsor  uses  "Moving  Polynomial  Arc  Smoothing  -  MPAS"  techniques  in 
most  cases  and  "Optimal  Smoothing-OS"  in  selective  cases. 

Recent  research  work  indicates  that  "smoothing  by  spline  functions'  is  more 
preferable  to  moving  polynomial  arc  smoothing  because  of  the  nature  of  the 
structure  of  splines  with  higher  order  differentiability  and  capability  of 
carrying  the  smoothing  as  close  as  needed  to  the  boundary  points. 

We  discuss  here  the  computational  aspects  of  cubic  smoothing  splines.  Given 
the  approximate  values  y^  =  g(t^)  +  £  of  some  supposedly  smooth  function  g  at 
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data  points  t,^.  ..,tn,  a  measure  of  the  rapid  local  variation  of  the  curve  of  g 
can  be  given  by  a  roughness  penalty  such  as  the  integrated  squared  second 
derivative.  Various  roughness  penalties  have  been  suggested  and  used  but 
J(g  ")2«U  is  most  convenient.  Using  this  measure,  define  the  modified  sum  of 
squares 

S(g)  =^[(yi  -  g(t.)2J  +  *  Jg"(t)  2  dt; 

l 

Minimizing  S(g)  over  the  class  of  all  (twice-dif ferentiable)  functions  g  will 
yield  an  estimate  g  which,  for  the  given  value  of  o<  ,  gives  the  best  compromise 
between  smoothness  and  goodness  of  fit.  That  is,  a  sort  of  compromise  between 
our  desire  to  stay  close  to  the  given  data  and  our  desire  to  obtain  a  smooth 
function  and  the  choice  of  *4- depends  on  which  of  these  two  conflicting  goals  we 
accord  greater  importance. 

It  can  be  shown  that  the  curve  g  has  the  following  properties: 

(i)  it  is  a  cubic  polynomial  in  each  interval  (t^,  t^+^) 

(ii)  at  the  points  t^,  the  curve  and  its  first  two  derivatives  are 
continuous  but  there  may  be  a  discontinuity  in  the  third  derivative. 

Any  curve  which  satisfies  (i)  and  (ii)  is  called  a  cubic  spline  with  knots  t^. 

It  should  be  noted  that  one  of  the  consequences  of  the  properties  of  g  is 
computational.  To  find  we  need  to  find  the  four  coeffients  in  the  polynomial 
form  of  g  in  each  interval.  These  coefficients  can,  essentially,  be  found  by 
solving  a  band-limited  linear  system  of  size  n.  Stable  and  fast  numerical 
algorithms  for  solving  such  systems  are  available.  De  Boor  (1978,  Chapter  14) 

A 

gives  a  description  of  the  way  g  can  be  found  and  a  Fortran  implementation. 
Silverman  and  collaborators  (1985)  have  adapted  De  Boor's  programs  to  yield  a 

Aw 

method  which  finds  g  using  35n  multiplications/divisions  for  the  first  value  of 


the  smoothing  parameter  and  25n  for  the  others,  where  n  is  the  number  of  data 
points.  Thus,  the  computational  burden  in  finding  g  goes  up  linearly  as  the 
number  of  data  points . 


We  present  here  a  much  simpler  program  based  on  an  algorithm  developed  by 


Reinsch  (1967):  let  (  t^,  y  ,  i,  =  0,  ....  n  be  given  and  assume  that 
tg<t^<...  <tn-  The  smoothing  function  g  to  be  constructed  shall 

minimize ^J"j[g"  (t)"^  2dt 

among  all  functions  g(t)  such  that 

Jr" 

*•  d5T[(g  (t.)  -  y/)/  §y s,  gee2  [tQ,  tnl  . 

Here  ^y^O.i  =  0,  ...,  n  and  S  0  are  given  numbers.  The  constant  S  is 
redundant  and  is  introduced  only  for  convenience.  It  allows  for  an  implicit 


rescaling  of  the  quantities^  y^,  which  control  the  extent  of  smoothing. 
Recommended  values  for  S  depend  on  the  relative  weights  csai z.  if 
available,  one  should  use  for  yi  an  estimate  of  the  standard  deviation  of  the 
ordinate  y..  In  this  case,  natural  values  of  S  lie  within  the  confidence 

l 

interval  corresponding  to  the  left-hand  side  of  (*) : 

N  -  (2N)1/2^S^N  +  (2N)1/2,  N  =  n  +  1 


Choosing  S  equal  to  zero  leads  to  the  problem  of  interpolation  by  cubic  spline 
functions.  The  extreme  funtion  g(£)  is  composed  of  cubic  spline 
g(t)  =  a.  +  b^t  -  ti)  +  c.(t  -  t.)2  +  d^(t  -  ti)3,  ti^  t  ^  ti  +  1, 
which  join  at  their  common  endpoints  such  that  g,  g' ,  and  g"  are  continuous, 
and  g"(t0)  =  g"(tn)  =  o. 

The  computer  program  in  Appendix  B  computes  the  parameters  a^,  b^,  c^,  and  d^ 
according  to  Reinsch's  development  of  the  algorithm. 


IV.  Summary  and  Conclusions 

Several  computer  programs  for  numerical  solution  of  systems  of  1st  order 
differential  equations  have  been  written  for  testing  and  implementation  in  the 
digital  simulation  for  the  dynamics  of  surface-to-air  missiles.  Another 
computer  program  for  smoothing  noisy  data  with  spline  functions  have  been 
developed  for  use  in  smoothing  of  Cinetheodolite  and  Radar  Data  for  Missiles  and 
Bombs . 

The  smoothing  program  can  be  modified  to  achieve: 

a.  a  higher  degree  of  smoothing  dependent  on  the  nature  of  data.  This  can  be 
accomplished  by  developing  "automatic"  methods  for  choosing  the  smoothing 
parameter  using  cross-validation  methods, 
and 


b.  Accommodate  other  end  (boundary)  conditions 
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Programs  for  solving  1st  order  systems  of  differential  equations 
1  -  ftjnge-Kutta  Felberg  method  with  variable  step  size 


TEST  PROGRAM  FOR  SYSTEM  SIMULATION 

IMPLICIT  DOUBLE  PRECISION A-H , 0-Z) ,  INTEGER ( I-N) 

DIMENSION  HISTOR Y( 1 50 , 4) , STATE ( 3 ) , RK0EF( 31 ) ,VPARAM(10) 

EXTERNAL  NLSYS 

N  =  2 
A  =  0.0 
B  =  1  .0 
HMIN  =  0.0001 
HMAX  =  0.01 
TOL  =  0.0001 
TOUT  =  0.01 
STATEt 1 )  =  1 .0 
STATE(2)  =  0.0 
NRH  =  150 

CALL  RKFELB (HISTORY, NRH, N, A, B, HMIN, HMAX, TOL, TOUT, STATE, VPARAM, 
1  NLSYS) 

WRITER, 50)  U  HISTORY  (I,  J) ,  J=1,3),  1=1,101) 

50  FORMAT ( 3F1 0 . 4 , /  ) 

END 


SUBROUTINE  RKFELB ( HISTORY , NRH , N , A , B , HMIN , HMAX , TOL , TOUT , ST ATE , 
1  VPARAM, SYSTEM) 


HISTORY 

NRH 

N 

M 

A  ,  3 

HMIN 

HMAX 

TOL 

TOUT 

STATE 

VPARAM 

SYSTEM 


ARRAY  CONTAINING  OUTPUT  OF  TIME  SIMULATION. 
NUMBER  OF  ROWS  OF  THE  MATRIX  HISTORY. 

ORDER  OF  SYSTEM. 

NUMBER  OF  CONTROLLERS. 

INITIAL  AND  FINAL  TIME. 

MINIMUM  STEP  SIZE. 

MAXIMUM  STEP  SIZE. 

ERROR  TOLERANCE. 

OUTPUT  PERIOD. 

N-VECTOR  CONTAINING  CURRENT  VALUE  OF  STATE. 

ON  INPUT,  IT  CONTAINS  THE  INITIAL  STATE. 
VECTOR  OF  VARIOUS  PARAMETERS. 

SUBROUTINE  CONTAINING  STATE  EQUATIONS. 


Appendix  A 


Programs  for  solving  1st  order  systems  of  differential  equations 
1  -  Runge-Kutta  Felberg  method  with  variable  step  size 


C  TEST  PROGRAM  FOR  SYSTEM  SIMULATION 

IMPLICIT  DOUBLE  PRECISION ( A-H , 0-2 ) ,  INTEGER ( I-N ) 

DIMENSION  HISTORY (150, 4) ,STATE(3) ,RK0EF(31 ),VPARAM(10) 

EXTERNAL  NL3YS 

N  =  2 
A  =  0.0 
5  =  '.0 

hm::;  =  o.oooi 

UMAX  =  0.01 
TOL  =  0.0001 
TOUT  =  0.01 
STATE(I)  =  1.0 
STATE(2)  =  0.0 
NRH  =  150 

CALL  RKFELB (HISTORY, NRH, N, A, B.HMIN ,HMAX, TOL, TOUT, ST ATE, VP ARAM, 
1  NLSYS ) 

<fRITEl\5u)  ( l  HIS70H  Y  i  I ,  J  j ,  0  =  1,3),  1  =  1,101) 

5j  FORMAT ( 3F1 0 . 4 , / ) 

END 


S'J  BP.oL'T  INF.  RKFELB (  HISTORY  ,  NRH,  N  ,  A,  B.HMIN,  .UMAX  ,  TOL ,  TOUT ,  .-TATE  , 


HISTORY 

= 

ARRAY  CON 

TAIN I NO  OUTPUT  OF  TIME  SIMULAT I  IN . 

- 

l*R:i 

NUMBER  Jr 

.-cO.v'o  OF  ..-it  MATRIX  HISTORY. 

- 

'i 

= 

ORDER  OF 

SYSTEM. 

= 

NUMBER  Or 

I  INTRO LLERS . 

■  ^  I’  *.  ,  t  rt  ^  *  »  .*; • 

= 

7  R JIZE. 

HMAX 

= 

MAXIMUM  S 

TEP  SICE. 

- 

TOL 

ERROR  TOLERANCE. 

- 

TOUT 

= 

OUTPUT  PE 

RIOD. 

STATE 

= 

N- VECTOR 
ON  I 

CONTAINING  CURRENT  VALUE  OF  STATE. 
NPUT ,  IT  CONTAINS  THE  INITIAL  STATE 

VPARAM 

= 

VECTOR  OF 

VARIOUS  PARAMETERS,. 

SYSTEM 

- 

SUSP  OUT  IN 

£  CONTAINING  .TATE  EQUATIONS. 
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j  j  j  Jiiftj  j  rrry\ 


B 


h 


B 


k 


P 


m  w  juu  prnrTTCT grgrTTCT? ■  3TCT  ’■  •' g 


SUBROUTINE  STEP ( STATE , N , T , H , TOL , HM IN , HM AX , RKOEF , SYSTEM , VTA  RAM / 

IMPLICIT  DOUBLE  PRECISION ( A-H , 0-Z ) ,  INTEGER! I-N ) 

DIMENSION  STATE(  1  )  ,  RKOEF  ( 1  ) ,  VP  ARAM  ( 1  ) , 

1  RK1 ( 1 5 ) , RK2 ( 1 5 ) , RK3 ( 1 5 ) , RK4 (15). RK5 (15), RK6( 15), 

2  WORK (15) 


C 

C 

c 

c 


5 


ERREST  :=  ERROR  ESTIMATE. 

STPMOD  :=  STEP  SIZE  MODIFICATION. 
WORK  :=  DUMMY  STATE  VECTOR. 
TWORK  :=  DUMMY  TIME. 

RK1-6  :=  RUNCE-KUTTA  VECTORS. 


ERREST  =  TOL  ♦  1.0 
IF ( ERREST . ST . TOL)  THEN 


4 


A 


TWORK  =  T 
DO  10  I  =  1 , N 

WORK !l  )  =  STATE! I) 

1j  CONTINUE 

CALL  SYSTEM! RK 1 , TWORK , WORK , VPARAM ) 

TWORK  =  T  ♦  RK0EF(2) *H 
DO  20  I  =  1 , N 

RK1 (I)  =  RKl (I)  *  H 

WORK (  I )  =  STATE(I)  ♦  RKOEF! 1 )*RK1 ( I ) 

2  J  CONTINUE 

CALL  SYSTEM! RKs, TWORK , WORK , VPARAM t 

TWORK  =  T  +  RKOEF ( 5  ) 

DO  30  I  =  1  ,N 

RK2 (  I J  =  RK2(I)  *  H 

WORK ( I  )  =  STATE(I)  ♦  RKOEF! 3) ’RKl (  I ,  +  RKOEF ! 4  )  6 RK2 (  I ) 

30  CONTINUE 

CALL  SYSTEM! RK 3 .TWORK. WORK, VPARAM) 


'..RK 


H  K  3  ■  •  • 

WORK!  I 


CONTINUE 
TALL  SYSTEM ! RK 


=  STATE',  I  )  ♦  RKOEF1,  n  ■  RKl  \  l  <  *  EKOEr  v  RK..  . 
♦  RK  ,  Erl  RK 

TWORK, WORK. VPARAM) 


TWORK  *  T  <■  RKOEF,!..  !:i  P 

DO  30  I  =  l.M 

RK4 (  I  )  =  RK- (  I )  *  H 

WORK  (I)  =  STATE!  I  )  ♦  RKOEF !  1  0  )  -  RK  l  (  I  )  ♦  RKOEF  (11  1  '  RKS  ■,  1  ) 

*  RKOEF! 12) "RK3! I )  *  RKOEF! 1 3  )  "RK-  .  I  ' 

CONTINUE 

CALL  SYSTEM! RK5 , TWORK, WORK . VPARAM) 
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b: 


,v/-jv 

J  J-u 


TWORK  =  T  ♦  RKOEF ( 20 )  5  H 
DO  60  I  =  1  ,N 

RK  5 ( I )  =  RK5(I)  1  H 

WORK ( I )  =  STATE( I ) +  RKOEF ( 1 5 ) J RK 1 ( I )  +  RKOEF ( 1 o J * RK2 ( I  ) 

1  +  RKOEF  (  1 7  ) 1  RK3  (  I )  ♦  RKOEF (18)  *RK4  (  I 

2  ♦  RKOEF ( 1 9  )  *  RK5 ( I J 

oO  CONTINUE 

CALL  SYSTEM! R Kb , TWORK , WORK , VP A RAM) 

DO  61  I  =  1  ,N 

RKo(l)  =  RKbtl)  «  H 

o  1  CONTINUE 

ERREST  =  0.0 


C  ESTIMATE  ERROR 

DO  100  I  =  1  ,  N 

DUMERR  = (RKOEF ( 25  )  "RK1 ( I  )  ♦  RKOEF ( 2o ) 3 RK j (  I  )  * 

1  RKOEF ( 27 )  ■  RK4 i I )  *  RKUEFl 28  )  *RK5 (  I J  ♦ 

2  RKOEF ( 29 )  3RK6 ( I )  }/ H 
DUMERR  =  DABS ( DUMERR ) 

IF ( DUMERR. GT. ERREST)  ERREST  =  DUMERR 
100  CONTINUE 

ST P MOD  =  1.01 

IF(  1 .0  + ERREST.  NE.  1.0)  STPMOD  =  0.5*1  ( TO L/ ERREST)  "'’0.25  ) 

C  RKOEF ( 30 )  CONTAINS  STEP  SIZE  USED  IN  THIS  ITERATION 

RKOEF ( 30 )  =  H 
IF( STPMOD. LT. 1 . j)  H  =  H/2 

IF(H.LT.HMIN)  THEN 

PRINT  *  ,  ’  s>”»STEP  SIZE  TOO  SMALL3  *  *  *  3  ' 

ERREST  =  0.0 
RKOEF ( 30  )  *  1.0E+20 

END  IF 


i  i 


1 


+  RKOEF '  K K  1  ,  I  *  RK  IFF  .  .  *.  ■  I 
*  RKOEFlS;,  RK^vi;  *  RKOEF  R K I 


RKjE Fiji)  CONTAINS  STEP  SIZE  RECOMMENDED  FOR  NEXT  I  TER AT  I 
K  K  0  E  F 1 i  1  )  =  H 


ETURN 

ND 


i 


SUBROUTINE  COEF(RKOEF) 
DOUBLE  PRECISION  RKOEF( 1 ) 


CO EF  LOADS  THE  RUNGE-KUTTA  COEFFICIENTS  INTO  RKOEF 


RKOEF ( 

1)  = 

1  .0/4-0 

RKOEF ( 

2)  = 

1  .0/4-0 

RKOEF ( 

3)  = 

3.0/32.0 

RKOEF ( 

4)  = 

9.0/32.0 

RKOEF ( 

5)  - 

3. 0/8.0 

RKOEF ( 

6)  = 

1932.0/2197.0 

RK0EF( 

n  \  _ 

/  /  - 

-7200.0/21 97.0 

RKOEr  ( 

8)  = 

7  2  9  0 . 0/21 97.0 

RKOEF ( 

9)  = 

12.0/13.0 

RKOEF( 10) 
RKOEF  (  1  1  } 
RKOEF ( 12 ) 
RKOEF ( 1 3 ) 
RKOEF ( 14) 


439.0/2 16.0 

-8.0 

3680.0/513.0 
-845.0/4104-0 
1 .0 


RKOEF ( 15) 
RKOEF( 16) 
RKOEF ( 17) 
RKOEF ( 18) 
RKOEF ( 19) 
RKOEF ( 20  ) 


-8.0/27.0 

2.0 

-3544.0/2565.0 
1859.0/4104.0 
-1 1 .0/40.0 
1  .0/2.0 


RKOEF ( 21  ) 
RKOEF( 22  ) 
RKOEF ( 23  ) 
RKOEF (24  ) 


-  2  5  .  3  /  2  1  o  .  0 

=  1408.0/2565.0 

=  21 97.0/410^.0 

=  -1 .0/5.0 


RKOEF ( 25 ; 
RKOEF( 26  ) 
RKOEF ( 27 ) 
RKOEF ( 28  ) 
RK0EF( 29) 


1 .0/360.0 
-128.0/4275.0 
-2197.0/75240.0 
1 .0/50.0 
2.0/55.0 


RETURN 

END 
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2  -  Haming  method  with  fixed  step  size 


C  TEST-HAMMING 

C  MAIN  PROGRAM  FOR  INTEGRATING  A  SYSTEM  DX/DT=F{T,X) 

C  SYSTEM  IS  GIVEN  IN  "EXTERNAL  SYS"  SUBROUTINE 

C  NMAX : =MAX  NUMBER  OF  EQUATIONS 

C  H : =STEP  SIZE 

C  N : =NUMBER  OF  EQUATIONS 

C  TMIN : =  BEGINING  OF  INTEGRATION  TIME 

C  TMAX : =  END  OF  INTEGRATION  TIME 


500 


PARAMETER (NMAX=2  ) 

DIMENSION  E ( NMAX ) , DE ( NMAX ) 

COMMON /TEMP/ FOLD ( 3, NMAX) , YOLD( 4 , NMAX ) , YPOLD ( NMAX ) , YCOLD  (  NMAX ) 

COMMON/ D I FF/ E, DE 

COMMON/ STEP/ T , DT*. , N 

EXTERNAL  AUTO 

St'  )  =  1  .  J 

Ek  2 ;  =  j .  u 

jT<»  =  0.01 

DO  5  jO  J  J  =  1 , ’ Go 

CALL  INTEl. 

CONTINUE 

END 


INTSG-HAMMING 

THIS  SUBROUTINE  CALCULATES  THE  STARTING  VALUES  OF  THE  SOLUTION  FOR 
HAMMING  USING  MODIFIED  EULER'S  METHOD  ♦HAMMING 
SUBROUTINE  INTEG 
EXTERNAL  AUTO 

NMAX  =MAX  NUMBER  OF  EQUATIONS  THAT  MAY  BE  CONSIDERED 
PARAMETER.'  NMAX  =  2 


•Jv 


r.i :«x ax  ,  yfn  nx ax  - , j ?: ,* ;  :,xax  .  ,  w  •;  i  :  r .  :,xax 


-  A  .  A  4.  •“  I  It  4.;  r  /  1  / 

N  =  :r.tMBr  Jr  r'V'AT  I  XiJ  !\*  T H r  J  r . '  7  M 


GALL  AUTO 
DO  10  1  =  1  ,tl 
YOLD ( 4 , 1 ) =E  (  I ) 

10  CONTINUE 
IFIRST=2 
ENDIF 
T=T+DT4 

IF(IFIRST.LE.4)THEN 
DO  510  1  =  1  ,  N 
DES( I ) =DE( I ) 

EC  I ) =E( X )+D£S(I)*DT4 
510  CONTINUE 
CALL  AUTO 
DO  520  1  =  1  ,  N 

E  ( I )  =E  ( I )  +  ( DE ( I ) -DE3 ( I ) ) 5 DT3 
520  CONTINUE 

WRITE ( 9 , 7 ) T , E ( 1 ) ,E(2) 

CALL  AUTO 
DO  530  1  =  1  ,  M 

IF(  I  FIRST . EQ . 2 ) FOLDl 3 . I ) =DE(  I ) 
IF (I  FIRST. EQ. 2 )Y0LD(3, D  =S( I) 

IF ( I  FIRST. EQ. 3)  FOLD (2, I ) =DE ( I ) 
IF(IFIRST.EQ.3)YOLD(2, I ) =E( I ) 

IF (I  FIRST. EQ. 4) FOLD ( 1 , 1 ) =DE( I ) 
IF (I  FIRST. EQ. 4) YOLD ( 1 , 1 ) =E( I ) 
530  CONTINUE 

IF  IRS  1= IF RIoT+ 1 
DO  540  1  =  1  , N 
YPOLD( I)=YOLD( 1 ,1) 

YCOLD( I ) =YOLD( 1 ,1) 

540  CONTINUE 
ELSE 

CALL  HAMMING  ( AUTO , N , T , DT4 ' 
WRITE (  %7)T,S(  1  )  ,E(2  ) 

ENDIF 

7  F0RMAT(4X, 3F10.4) 

RETURN 

END 


C  SUBROUTINE  HAMMING ( SYS , N , T  ,  H ) 

C 

SUBROUTINE  HAMMING ( AUTO , N , T , H ) 
EXTERNAL  AUTO 
PARAMETER  (NMAX=2  ) 

C  N : =ORDER  OF  DIFFERENTIAL  EQUATION 

C  T : =  CURRENT  TIME 


H  :  =  ^ T L P  SICE 

C:G:  =  AUTO  NAME  OF  SUBROUTINE  CONTAINING  DE'S 
CALL  AUTO 

E -  ID : =3T0R AGE  OF  PAST  F'S 
YOLO: ^STORAGE  OF  PAST  Y'S 
YPCLD:=5TORAGE  OF  PAST  YP'S 
YCOLD : =3T0RAGE  OF  PAST  YC'o 

COMMON /TEMP/ FOLD( 3 . NMAX ) ,  YOLDU.NMAX ) , YPOLD ( NMAX ) , YCOLD ( NMAX , 
COMMON/ 01 FF/ E ( NMAX ) ,DE(NMAX) 

DIMENSION  YNEW(NMAX)  ,  YPNE’W  (  NMAX  )  ,  YCNEW  (  NMAX  )  ,  YMNEW(NMAX)  , 

4  WORK  1  l NMAX ) 

PERFORM  INTEGRATION  STEPS 
DO  10  1  =  1  ,N 

YPNEWf  I )  =YOLDii»,  I !  *<. .  0»H •  :  2  .  J 3  r  OLD U  ,  I  j -FOLD!  2  ,  I  .  *0  .  T » EO LD (  }  , 
Y MNEWC  I )  = YPNEWf  I  '  -  i  l  2  .  ^  •  YPOLD '  I  )  -  Y  CCLD  (  I  ‘  i  /  1  s  '  . 

.  CONTINUE 

E  I  .  =YMNEW  I. 

.'ALL  AUTO 
DC  5  1  =  1,  N 
WORK  1 ( I , =  D  E ( I ) 

YCNEW( I )  =  ( 9 . 0* YOLD( l , I ) - YOLD( J , I ) ♦ 3 . 0  ‘  H M WORK  1 ( I ) *2 . „ ’FOLD! 1 , 
4-F0LD( 2 , I ) ) ) /3 .0 

Y  N E’W  (  I )  =  Y  C N  EW  (  I )  .  0  *  (  YPNEWI  I  )  -  YCNEW  (  I  j  )  /  1 2 1  .  0 
>5  CONTINUE 
DC  '  n  I  =  1  ,  N 


CJNTIN 
CALL  A 
DO  Wu 
YNEWt I 
WORK 1 ( 


TO 

=  1  ,N 


: ) =de ( : ; 

DO  50  J  -  j  , 


3  -  Gear  method  with  fixed  step  size 


GEAR-TEST 

MAIN  PROGRAM  FOR  INTEGRATING  A  SYSTEM  DX/DT=F(T,X) , 
SYSTEM  IS  GIVEN  IN"EXTERNAL  SYS"  SUBROUTINE. 

NMAX : =  MAX  NUMBER  OF  EQUATIONS 

H : =STEP  SIZE 

N : “NUMBER  OF  EQUATIONS 

TMIN : =BEGIN1NG  INTEGRATION  TIME 

TMAX : =END  INTEGRATION  TIME 

DT4 :  =  STEP  SIZE 

NOTATION  FOLLOWS  THAT  OF  THE  WRITE  UP 

NMAX=  MAX  NUBER  OF  EQUATIONS  THAT  MAY  BE  CONSIDERED 

PARAMETER (NMAX=2  ) 

DIMENSION  E( NMAX  )  , DE(NMAX) 

GDMMON/TEMP/ YOLD, FOLD  .YCIOLD  , YC20LD 

lOMMON/DIFF/E.DE 

GOMMON/STEr/T  ,DT,  ,N 

EXTERNAL  AUTO 

N'  =  NUMBER  OF  EQUATION:' 

N  =  2 

Ellh'.O 
S:2)=0.0 
DT4=U.01 
DO  500  JJ=1 , 100 
GALL  INTEG 


-NT  r.G-  ‘o  c.  A  R 

THIS  SUBROUTINE  FINDS  THE  STARTING  VALUES  OF  THE  SOLUTION  FOR  GEAR'S 
METHOD  USING  MODIFIED  EULER'S  METHOD  ♦GEAR'S  METHOD  WITH  FIXED  :Tr~ 
3R0UT  INF.  I  NTS-! 


D  (  3  , 
X  , 

‘  NMA 


IFIHST.Eq. 1  I  THEN 
;a„l  auto 


,  i :  1  :  LD(  NMAX  '  ,  ; 


X  I  .  FPN  -  W  '•  NMAX  l  '»K  ’ 
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DO  10  I  =  1  ,  N 
YC20LD! I J  =E( I  ) 

FOLD( 3 , I ) =DE ( 1 ) 

10  CONTINUE 

WRITE! *  ,7)  T,E(1),E(2) 

7  F0RMATUX.3F10.4) 

IFIRST=2 

END1F 

T=T+DT4 

IF( I FIRST . LE. 3 )THEN 
DO  510  1  =  1  ,N 
DES ( I ) =DE ( I ) 

E(I)=E(I)*  DES { I ) • DT4 
5 1 0  CONTINUE 
CALL  AUTO 
DO  520  1  =  1  ,  N 

E(I  =E(I)*(DElI)-DE3(I)  )  DTa 
-4,  CONTINUE 
CALL  AUTO 
DO  5  30  1  =  1  ,  N 

IF(I."IRST.EQ.2)F0LD(2,I)=DE(I) 
IF! IFIRST.EQ.2) YC10LD! I)=E( I ) 
IF! I  FIRST. E«. 3) FOLD (1 , I ) =DE( I ) 
IF(IFIRST.EQ.3)Y0LD(I)=E(I) 

530  CONTINUE 

WRITE ( * , 7 ) T , E ( 1 ) , E ( 2 ) 

I  FIRST* I  FIRST ♦ 1 
ELSE 

CALL  DEAR  1 ( AUTO , N , T > DT4 ) 

WRITE! * ,7)T,E( 1 ) , E ( 2  ) 

END  IF 

RETURN 

END 


..  .  C  AT  I  j‘.i  ■  j  _  w  ^  fi  ^  .  :i  A  i  Or  A  R  I  .  z  : 

sRO '.IT  I NE  IEA R 1  '  A UTO ,  N ,  T ,  H  ) 

EX  IERNAL  A  N .  0 
PARAMETER! NMAX=2  ) 

COMMON  /TEMP/  YOLD  N  M  A  X  )  .FOLD!  3. NMAX  .  .  YO  1  OLD  !  NMA  X  '  .  Y  '.'OLD  A  NM  AX 


DIMENSION  YNSW.NMAX,  ,  YPNEWi  UMAX!  ,  .-TNEW  !  NMAX  )  ,  WC.-.:'.  '  NMAX, 
4 , 5  I  OF! NMAX ) 

DO  lo  1  =  1  ,N 

YPN£W( 1 1 =-ls .0»Y0LD( I J *9 . 0" YC 1  OLD! I ) ♦ 1 0 .  0*  YC20LDi  I ) ♦ 
i  H* ! 9 . J*  FOLD! 1 , 1 1 ♦ 1 8 . 0  *  FOLD! 2 , 1 ) * 3 .0*  FOLD!  3  ,1)1 
FPNEW! I)=-57.0*Y0LD( I ) ♦24.0»YC10LD( I ) ♦ 33 . 0* YC20LD 1  I ) ♦ 
i  H ‘I  24.0 “FOLD! 1 , I )♦ 57.0* FOLD (2 , 1 ) ♦ 1 0 . 0“ FOLD! 3 , 1 ) 

FPNF.W (  I  ,  =FPNEW(  I  !  / H 
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10  CONTINUE 

DO  11  1  =  1,  N 
E(  I )  =5f  PNEW  (  IJ 

11  CONTINUE 
T=T+DT4 
CALL  AUTO 
T=T-DT4 

DO  12  1  =  1  ,N 
WORK  1 ( I ) =DE (  I ) 

BIGF(I)=H*(FPNEW(I)-W0RK1 (I)  ) 

YNEW ( I ) = YPNEW ( I ) -95 . 0*3IGF( I ) /238 . 0 

12  CONTINUE 

DO  20  1  =  1  ,N 

YC20LD( I ) =  YC1 OLD( I ) -11 . O’  3 IGF ( I ) / 1  440 . 0 
YC1 OLD( I ) = YOLD ( I ) . 0 » BIGF ( I ) / 1 60 . 0 
20  CONTINUE 
DO  31  1=0,1 
DO  30  J=l  ,N 

FOLD( 3-1 , J ) =FOLD( 3-1-1  ,  J  ) 

3u  CONTINUE 
31  CONTINUE 
DO  40  1  =  1  ,  N 
YOLD ( I ) =YNEW ( I ) 

FOLDO ,1)=FPNEW( 1)-BIGF(  I  )/H 
E(  I ) =YOLD( I ) 

DE ( I ) =FOLD ( 1 ,1) 

CONTINUE 

RETURN 

END 


SUBROUTINE  AUTO 

SUBROUTINE  COMPUTES  XDOT:=DE  FROM  SYSTEM  OF  EQUATIONS 
COMMON/O IFF /E< 2 ) , 0E(2> 

COMMON/STEP/  T.DTA.N 
DE  (  1  >  =E  ( 2  > 

DE<2)=  -R.O*E<  I  1 
RETURN 


4  -  Adam-Moulton  method  with  fixed  step  and  iterative  improvement 


C 

C 

c 


5 


4'JO 


510 

515 


52  5 


5  JO 
5  J  i 


SUBROUTINE  INTEG 

ADAM-MOULTON  WITH  ITERATION  TO  ACHIEVE  A  PREDESCRIBED  ERROR-STARTING 
VALUES  BY  MODIFIED  EULER. 

NMAX=MAX  NUMBER  OF  EQUATIONS  TO  BE  CONSIDERED 
PARAMETER! NMAX=2) 

COMMON  /DIFF/E(NMAX) , DE(NMAX) 

COMMON  /STEP/  T , DT4 , N 

DIMENSION  DES(NMAX) ,F(NMAX,4) , ETEMP! NMAX) , ETEMP2 ( NMAX ) , ERR ( NMAX ) 

DATA  IFIRST  /I/ 

DT8  =  DT4/2.0 
CALL  AUTO 
T  =  T*  DT4 

T0L=PR£DESCR I  BED  ERROR 
DATA  TOL/O.JOI/ 

IF  (  IFIRST  . EQ .  1  )  THEN 
DO  5  1  =  1  ,  N 
F ( 1 ,  1  )  =  DEC) 

CONTINUE 
IFIRST  =  2 
END  IF 

DO  400  1  =  1  ,K 
ETEMP { I ) =E ( I ) 

CONTINUE 

IF  (IFIRST  .LE.  4 ) THEN 
DO  510  1  =  1  ,  N 
DES( I ) =DE( I ) 

E(I)=E(I)+DES(I)»DT4 

CONTINUE 

J  RUNS  FROM  1  TO  LAST  ITERATION 

DO  530  J=1 ,4 

IFiJ.GT.I )  GO  TO  519 

DO  516  I = 1  ,  N 

ETEMP.;  :  I  !  =  E  I 


E(  I  )=ETEMP( I )*DT4“0. 5*1 DE( I ;  *DES(  I ) ) 
ERR(I)=E( I i -ETEMP2 ; I) 

ETEMP2 (  I  J  =  E  !  I  ) 

(ONTINUF. 

SUMER  R  =  •-/  .  - 
G.'lNGRM=0 .  j 


JO  525  K  = 1  , N 

3UMERR=SUMERR  +  ERR ( K ) *  ERR ( K ) 
SMNORM=SMNORM*  E ( K ) 'E(K) 

CONTINUE 

I F ( 3UMERR/ oMNORM . LE . TOL  )  GO  TO  531 

CONTINUE 

DO  535  1=1 , N 

Ff  I,  IFIRST)  =  DEI  I, 
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CONTINUE 

IFIRST  =  IFIRST  +  1 
WRITE(»,7)T,E11 )  ,  £( 2  ) 

ELSE 

DO  60u  1=1 , N 

E(I)=  (DT4/24.O)*(55.0aF(I,4)-59.Oi,F(I,3^ 

37. 0*F( 1, 2 ) -9. 0*F( 1,1  ) )  +  ETEMP( I ) 

CONTINUE 
DO  700  1=1 ,N 
F  ( 1 , 1  ) =F ( 1 , 2 ) 

F(I,2)=F(I,3) 

F(I,3)=Fd ,4) 

CONTINUE 

J  RUNS  FROM  1  TO  LAST  ITERATION 
DO  340  3=1,4 

IFU-ED.l  >  GO  TO  o20 
00  o  T  0  1  =  1  ,  N 
STEMP2 ( i ) =  E(I) 

CONTINUE 
CALL  AUTO 
DO  300  1=1 ,N 

Ed)  =  (DT4/24.0)*(9.0*DE(I)  09.0*1(1,3)- 

5.0’F(I,2)*F(I,1))  +£T£MP( I ) 

ERR( I ) =  E ( I ) -ETEMP2 ( I ) 

ETEMP2 ( I ) =E( I ) 

CONTINUE 
o'JMSRR  =  0 . 0 
3MN0RM=0 . 0 
00  330  K= 1 , N 

SUMERR=SUM£RR+ERR ( K) “ERR  ( K ) 

3UMN0RM=SMN0RM+E{ X ) *E(K) 

CONTINUE 

IF(SUMERR/SMNORM. LE.  TOL  )  GO  TO  350 

CONTINUE 

DO  9U0  1  =  1  ,  .'J 


CONTINU: 
WHITE:  ■ , 


T ,  E  Cl  i  ,  E  U'  j 


FORMAT ; 
R ETURN 
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i* 


•  ■-*  %Vv* 


o  o  n 


5  -  Modified  Euler  method  with  iterative  inprovement 


SUBROUTINE  INTEG 

MODIFIED  EULER  WITH  ITERATION  TO  ACHIEVE  A  PREDESCRIBED  ERROR 

NMAX=MAX .  NUMBER  OF  EQUATIONS  TO  BE  CONSIDERED 
PARAMETER (NMAX=  2) 

COMMON  /DIFF/  E(NMAX) ,DE(NMAX) 

COMMON  /STEP/  T , DT4  ,  N 

DIMENSION  ETEMP(NMAX) , ETEMP2 ( NMAX ) , DES ( NMAX ) , ERR ( NMAX ) 

C 

C  THETA  IS  A  STABILITY  PARAMETER  LESS  OR  EQUAL  1/2 

DATA  THETA/ .5  / 

c  TOL  =  PREDESCRIBED  ERROR 

DATA  TOL/. OU1/ 

CALL  AUTO 
T=T+DT4 
DO  510  1=1 , N 
ETEMP ( I ) =E  1 1 ) 

DES ( I ) =  DE  ( I ) 

E ( I ) =E{ I ) +DES ( I ) *DT4 
510  CONTINUE 

C  J  =  1  TO  LAST  ITERATION 

515  DO  530  J=1 ,4 

IF ( J . GT .  1  )  GO  TO  518 
DO  516  1=1 ,N 
ETEMP2 (I)=S(X) 

516  CONTINUE 
518  CALL  AUTO 

DO  520  1=1 , N 

E( I ) =ETEMP( I ) +DT4a ( ( 1 . -THETA ) * DE ( I ) +THETA * DES ( I ) ) 

ERR ( I ) =E( 1 ) -ETEMP2 ( I ) 

ETEMP2 ( I ) =E ( I ) 

520  CONTINUE 

3UMERR  =0 . 0 
3MNGRM=0.0 
DO  52  5  K  =  1  ,  N 

SUMERR=SUMERR  +  ERR(K) a  ERR ( K ) 

5MN0RM=SMN0RM»E(K)'-'E(K) 

?25  CONTINUE 

IF(SUMERR/SMNORM.LE.  TOL)  GO  TO  531 

•  ■  :  CONTINUE 

3  3  1  WRITE!  7JT.SU  ■■  ,  E !  2  I 
7  FORMAT (4X.3F1 0.4/ 

RETURN 

END 


O  O  O  O  o  o  o  o  o  o  o  o 


u  ■  u  *  r  nrnmntif 


Appendix  B 


Program  for  smoothing  by  spline  functions 


C  SMOOTHING 

C  CONSTRUCTS  THE  CUBIC  SMOOTHING  SPLINE  F  TO  GIVEN  DATA  (X(I),Y(I), 

C  1=1...  N. 

C  NMAX=MAX  NUMBER  OF  DATA  POINTS  THAT  MAT  BE  CONSIDERED 

PARAMETER  (NMAX=100) 

REAL  S , X ( NMAX )  ,  Y  ( NMAX ) , DY ( NMAX ) , A ( NMAX ) , B ( NMAX ) , C ( UMAX ) , D( NMAX ) , J 
REAL  E,F1  , F2,G,H,?,R( NMAX ) , R1 ( NMAX ) , R2 ( NMAX ), T ( NMAX ) , T1 (NMAX)  , 

SrV  ( NMAX  )  ,  XM(  NMAX )  ,  2  ( NMAX  )  , W( NMAX )  ,  U  ( NMAX ) 

INTEGER  N 1  ,N2,I 


c 


c 


WRITE ( *  ,  1  ) 

1  FORMAT(/2X, ' INPUT  THE  INITIAL  VALUES-N1 , N2 .. FIRST  &  LAST  DATA  POINTS') 
READ ( * , 2 ) N1 ,N2 

2  FORMAT ( 413 ) 

WRITE( * , 3 ) 

3  FORMAT(/2X, ' INPUT  A  NON-NEGATIVE  PARAMETER  S,  TO  CONTROL / 2 X  .  ' 

&THE  EXTENT  OF  SMOOTHING') 

S=  UPPER  BOUND  ON  THE  DISCRETE  WAICHTED  MEAN  SQUARE  DISTANCE  Jr  TH  " 
APPROXIMATION  F  FROM  THE  DATA.  rEINSCH  PROPOSED  TO  CHOOSE  S  SOM 
WHERE  WITHIN  SQUARE  ROOT  OF  (2N  OF  N. 

READ ( * , 4 )  S 

4  FORMAT ( F8 . 3 ) 

N1  =1 


N2=NUMBER  OF  DATA  POINTS 
- 1  00 

THIS  PART  GENERATES  A  DATA  SET  FOR  TH 
DO  5  I  =  1  ,  1  Jo 
X  (  I  J  =  J .  0 1  *  i 
Y< I ) =  c I N I X(  I  J  ■ 

I  ESTIMATES  OF  UNCERTAINTY  IN  DATA 
:  I.'  ESTIMATES  IF  .  TANLARD  DEVIATION 


FUNCTION  Y 

ASSUMED  TO 


POS 
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t*1  !*: 


U ( M 1 1-0.0 
U ( N 1  )  =0 . 0 
U ( N2 ) =0 . 0 
U ( M2 ) =0 . 0 
P=u.O 

RESTORE  VALUES  OF  M1,M2,I.E.  Ml =N 1  AND  M2  =  N2 
Ml  =N1  +  1 
M2=N2- 1 


SET  VALUES  OF  X.Y.DY  OR  READ  FILE 


H=X ( Ml  )  —  X ( N 1  ) 

F=  (  Y  ( Ml  )  -  Y  ( Ml  )  )  /  K 
DO  ID  i=Ml ,M2 
G=H 

h*xi  :*i ) -xt i ) 

E=F 

F= ( Y( 1+ 1 )  —  Y ( I )  ) / H 
A ( I ) =F-E 
T(l)«2»(G+H)/3 
T1  ( I ) =H/3 
R2 ( I ) =DY (1-1  )/0 
R1  (I)=  —  DY(I)/G  —  DY(I)/H 
10  CONTINUE 

DO  23  I =M 1 , M2 

B(I)=R(I)*R(I)*R1  (I)5R1  (I)+R2lI)»R2(I) 
C(I)=R(I)*R1 (1  +  1 )+R1 ( I ) *R2 ( 1*  1  ) 

D(  I ) =R( I ) *R2 ( I  +  2 ) 

20  CONTINUE 

SET  F2  TO  -S 
F2  =  -S 

30  CONTINUE 

DO  -j  I=M1,M2 
R 1  ( 1-1 1=F*R(  1-1  ) 

R2 ( I -2 ) =G3R ( I -2 i 

R(  I)  =  1  .0/  (  P  -  3 ( I  )*t:  I  )-F »R1  ( 1-1  )-G"R2(  1-2)  ) 
U(  I)  =  A(  I)-R1  (1-1  )9U(  1-1  )-R2(  1-2)  !1U(  1-2) 

F  =  P  4  C  (  I )  ♦  T 1  ( I )  -  H il  R 1  (  I-l  ) 


-j  CONTINUE 

DO  50  I  =  M2 , M 1 . -  1 

U  (  I )  =  R  ( I )  *  U  (  I )  -R 1  ( I )  0  'J  (  I  ♦  1  )  -R2  ( I  )  *  U  (  I  ♦  2  ) 
50  CONTINUE 
E=0 . 0 
H=0 . 0 

DO  60  I  =  N 1  ,  M 2 


H= (0 ( 1+ 1 ) -U( I ) )/ ( X( I* 1 )-X(U ) 

V ( 1 } = (H-G) *DY ( 1 J 
E=E+ V ( I )  *  ( H-G ) 

60  CONTINUE 

J=-H*DY(N2)*DY(N2) 

G=J 

V  ( N2  )  =J 
0  =  F2 

F2=E*P*P 

IF1F2.GE.S.AND.F2.LE.G)  CO  TO  60 
F=0 . 0 

H=(V(M1 J -V ( N 1  )  ) / ( X (Ml  )-X(N1  ) ) 

DO  70  I=M1 , M2 
G  =  H 

h=(v(m  )-vo )/(x( i*t  )-x( ; .  j 

G=H-G-R1  (  1-1  }  >R(  1-1  )-R2(  1-2  .  !R(  I 
r =F+G*rt( I ) °0 
R(  I)=G 
7u  CONTINUE 
H=E-P*F 

IF (H . LE . P ) GO  TO  dO 
P  =  P+(S-F2)/ ( ( SQRT ( S/  E ) +  P ) *  H ) 

GO  TO  30 


R( 1-2) 


USE  NEGATIVE  SQR  ROOT, IF  THE  SEQUENCE  OF  ABSCISSA  X ( i )  IS  STRI 
DECREASING 


dO  CONTINUE 

DO  90  I  =  N 1 ,N2 
A ( I ) =Y ( I ) -Pa V (  I ) 

C(I)=U(I) 

9U  CONTINUE 

DO  100  I  =  N 1  ,  N 2 
H=X ( 1 ♦ 1 ) -X ( I ) 

D !  I )  =  ( C ( I  + 1 ! -C ( I ) ; /  .  ?  Hi 
B 1 1  /  =  (  A  (  I  ♦  1  )  -  A  )  I )  /  /  H-  i  H 3  D  i  ! 
v;o  CONTINUE 

THIS  PART  GIVES  OUTPUT  FOF. 
WRITE! \  101 J ( A( I ) ,I=N1 ,N2 ) 
WRITE!  “  ,  102)  (  3!  I  !  .  I  =  :il  ,M2 
WR I T E !  ■' ,  1  o  1  )  l  C  i  I )  ,  I  =  ii  i  ,  N 2  ’ 


COEFFICIENTS 


FORMA Ti/7  5X, ’0  oh  D:',.X,l  a.Fi..;, 

THIS  PART  COMPUTES  THE  CUBIC  AT  THEM I  DDL 
OOMPAIRS  RESULTS  WITH  ACTUAL  2(1) 

H=0 . JO 5 

DO  11o  1 = 1 , ^9 

XM(I)=X(I)+H 


.'SSW.W 


•  *.' 


5 


fWW 


»v»7 *' 


\”S. 


X'.'WV'.i, 


»> 


vivi1 


Z(I)=SIN(X(I}*H) 

W(i)  =  UDU)*HtClI)  )JH  +  3(I)  I  :H  +  A(i) 
1 10  CONTINUE 

DO  115  1=1,99 

WRITE (*,120)  XM ( I ) , Z ( I ) , W ( I ) 

1 1 5  CONTINUE 

120  FORMAT  (  4.X  ,  3F1  5  •  5  ) 

STOP 

END 


